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ABSTRACT 
 
Glass Fiber Reinforced Plastics are used in various high fatigue and high loading 
engineering applications due to the mechanical advantages they provide over 
conventional isotropic materials. Application within these environments can lead to 
the degradation of mechanical properties and the formation of defects within the 
structure. Continuous health monitoring is therefore required to approve the 
operational integrity of these structures, and prevent the occurrence of irreparable 
damages and catastrophic failure.  
Until recent years, Non Destructive Testing methods have been used to monitor the 
structural health of composite components; however these methods cause disruptions 
to daily operations and are costly. Recent advances in Structural Health Monitoring to 
include the integration of Fiber Bragg Grating Sensors in the fabrication of GFRP 
Composite Components have allowed for real-time measurements to be acquired 
through reflected FBG spectral data. 
Therefore to monitor the response of the a GFRP components under tensile loading and 
4-point bending, two Fiber 1539nm FBG sensors operating in the infrared region, were 
embedded during the fabrication of a 0/90ᵒ Biaxial/0ᵒ Uniaxial Continuous Fibrous-
Matrix Panel configuration purposely made with two defects. The measured response 
of the reflected FBG data were compared to data obtained from a FE Analysis of the 
Panel under equivalent loading conditions as well as data obtained from theoretical 
calculations. 
Patterns in spectral data observed during the static testing of the panel were consistent 
with that obtained in published works under similar conditions. Some discrepancies, 
however, did arise when contrasting tensile data and were thought to be due to 
assumptions made in theoretical calculations. Residual stresses and stress intensity 
factors were also considered. Inconsistencies were also found when contrasting 
flexural data but were attributed to the placement of the sensors within the test 
configuration. 
Recommendations to conduct future work utilising a larger configuration with multiple 
sensors and different defects were made. As was the recommendation to analyse the 
mechanical properties that a larger simulated defect has within a configuration.   
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NOMENCLATURE AND ACRONYMS 
 
The following abbreviations have been utilised throughout the text and bibliography:- 
CEEFC  Centre for Excellence in Engineered Fiber Composites 
EM  Electro Magnetic 
EMI  Electro Magnetic Interference 
FBG  Fiber Bragg Grating 
FEA  Finite Element Analysis 
FRP  Fiber Reinforced Plastic 
GFRP  Glass Fiber Reinforced Plastics 
IR  Infra Red 
NIR  Near Infra Red 
NDT  Non Destructive Testing 
OSA  Optical Spectrum Analyser 
SHM  Structural Health Monitoring 
UV  Ultra Violet 
USQ  University of Southern Queensland 
WH&S  Workplace Health and Safety 
FEA  Finite Element Analysis 
b  Width of specimen 
 
d  Thickness of specimen 
 
L  Span, Length of specimen 
 
E i,j  Young’s Modulus of Elasticity in the directions i, j = 1,2,3 local  
  coordinate directions 
 
Gi,j  Shear Modulus 
I  Moment of Area 
λB  Bragg Wavelength 
ε  Strain 
 xiv 
 
σ ult  UTS - Ultimate Tensile Strength/Ultimate Stress 
σ f  Flexural Stress 
σmax   Maximum Stress  
σmin   Maximum Stress 
ν i,j  Poisson’s Ratio in the local and global coordinate directions 
ρ  Density 
Pi,j  Photoelastic coefficient 
n  Refractive index 
Λ  Grating length 
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CHAPTER ONE – INTRODUCTION  
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...Nearly all in-service structures require some form of maintenance for monitoring their integrity 
and health condition to prolong their lifespan or to prevent catastrophic failure. Current schedule-
driven inspection and maintenance techniques can be time-consuming, labour-intensive, and 
expensive. Recent advances in smart structure technologies and material/structural damage 
characterisation combined with recent developments in sensors and actuators have resulted in 
significant interest in developing new diagnostic technologies for... monitoring their integrity, and 
for the detection of damage to both existing and new structures in real time... 
(Chang, F-K, 1997, p. xiii) 
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 1.1 Overview  
The rationale of this project and all associated research, methodology and 
experimentation is to investigate the response of embedded Fiber Bragg Grating 
Sensors, of 1539nm (IR) Bragg wavelengths, in a Glass Fiber Reinforced Plastic 
composite specimen purposely fabricated with defects. The specimen will undergo 
static loading, and comparisons will be made between the resulting FBG data, and data 
acquired from an extensometers attached to the surface of the composite specimen, as 
well as data from modelled finite element Analyses of the specimen. These 
comparisons will be made to emphasise the amount of strain that is able to be detected 
internally using the FBGS, especially at the defect location, thus highlighting the 
advantage of incorporating FBGS into structural health monitoring. 
The need to conduct further studies into the Use of Fiber Optic Sensors in Structural 
Health Monitoring is summarised in the beginning statement of this Chapter which 
outlines that the use of Fiber Optic Sensors in Structural Health Monitoring has arisen 
from the necessity to monitor technological composite developments in Real time, as 
opposed to the more complex, traditional methods of Non-destructive testing. This 
subject is further discussed in Chapter 2 of this dissertation and also entails relevant 
background information on FBG sensors, and reviews published works on the 
associated content of this project.  
Research Objectives of the project are outlined in section 1.4, and identify the main 
aims and scope of this study in addition to the processes that will be carried out to 
accomplish these.  
 
1.2 Introduction 
Glass Fiber Reinforced Plastics are used in various engineering applications, as the 
orthotropic nature of Glass Fiber Reinforced Plastics allows a component to be 
fabricated to provide ideal mechanical properties in specific orientations, in addition to 
providing excellent strength-to-weight ratios, corrosion resistance to most 
environments, immunity to electrolysis and sound UV stability.  
Application of components manufactured from GFRP within high fatigue and high 
loading environments can lead to the degradation of mechanical properties and the 
formation of defects within the structure. Continuous monitoring of damage 
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accumulation and the health condition of GFRP composite components is therefore 
required to approve the operational integrity of the structure, and prevent the 
occurrence of irreparable damages and catastrophic failure.  
Until recent years, Non Destructive Testing methods have been implemented to 
monitor the structural health of composite components; however these methods cause 
disruptions to daily operations and are expensive. Recent advances in Structural Health 
Monitoring and Smart Structure Technology to include new developments in Fiber 
Optic Technologies has seen the integration of Fiber Bragg Grating Sensors in the 
fabrication of GFRP Composite Components. These new developments allow for real-
time measurements to be acquired through reflected FBG spectral data, without 
compromising the existing mechanical properties of the component. FBG sensors also 
present a versatile range of advantages which contribute to simpler, safer and more 
effective application, and include: 
 Suitability for long-term/permanent Structural Health Monitoring 
 Non-requirement for calibration 
 Multiplexing Capabilities 
 Simple installation 
 No length limit to sensors 
 Utilises light signal and contributes to safer application in flammable 
environment 
 Immune to Electro Magnetic Interference 
 Tolerance to harsh environments; High and low temperatures, fatigue, 
Vibration 
 Reduction in size/mass of cabling compared to past/existing applications 
The requirement for further studies to be conducted on the use of Fiber Bragg Grating 
Sensors in the field of Structural Health Monitoring is apparent with the prospering 
range of engineering applications utilising FRP Composite materials. Further studies 
will provide better understanding of the data that is able to be acquired through use of 
this fiber optic technology, as well as emphasise the quality of data that is able to be 
obtained, as opposed to the non-destructive methods. Feasible results will assist in the 
transition of this technology to communication links so that in the future composite 
structures will be capable of assessing their own health and perform self-repair or 
adjustments whilst in operation. 
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Successful additions to this field of research will see the prolonged life of fibrous 
composite components and in turn will reduce the amount of materials required for 
replacement; thus contributing to the sustainability of existing resources, and funding. 
Also the application of FBG sensors within flammable environments has replaced 
current electrical apparatus, contributing toward a positive safety outcome of the 
research.  
Efforts towards the recycling and disposal of Polymer-Matrix Composites have also 
been sustainable future outcomes of this research, and are carried out under the 
driving force of conserving non-renewable materials, such as those found in GFRP, in 
addition to reasons to reduce the amount of hazardous wastes and solid wastes going 
into landfills. Immediate ethical effects do not apply at this stage, as no findings have 
suggested negative ethical effects of the use of FBG sensors in structural health 
monitoring. 
 
 1.3 Project Purpose and Parameters 
Despite the advantages offered by GFRP Composites, Fiber Composites exhibit a range 
of failure modes and damage mechanisms unique to their physical and chemical 
structure. Although recent studies have been conducted into the nature of composite 
defects, the mechanisms of composite failure are complex and have not been fully 
deciphered. Therefore this project will begin to look into detecting and monitoring 
damage accumulation within composite structures by investigating the response of 
embedded Fiber Bragg Grating sensors within specimens containing purposely made 
defects. Similar studies will be addressed in Chapter 2, and results obtained in Chapter 
3 will be compared to these in the final chapters. 
The design and fabrication methodology of embedding FBG sensors into GFRP 
composite components will also be discussed in Chapter 2. As the workings of 
composite failure mechanisms are yet to be defined, an initial parameter of the project 
will be the uncertainty of the most effective embedment areas for the FBG sensors, as 
the defect propagation area of composites is unclear. A Finite Element Analysis is 
therefore required to be conducted prior to commencing any final fabrication to 
determine the areas of higher stress concentration and thus locations most likely to 
encounter defect propagation. 
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The curing process during the fabrication of Fiber Reinforced Composites also poses as 
a risk to the integrity of the embedded Fiber Bragg Grating Sensor. Inclusions can form 
on the surface of the fibers, and the fiber sensors can become very brittle once exposed 
to cured epoxy. Therefore feasible methods to embed Fiber Bragg grating Sensors will 
be reviewed and practiced in order to attain practicable results. 
Other specific affects include time and cost restraints. During this study 1539nm FBG 
sensors will be utilised. This use of the more expensive 1535-1550nm range of FBG will 
allow for comparisons of results to be made with a greater range of published works, as 
most studies have utilised this wavelength region as it operates within the 
telecommunication range (IR region) and offers further developments to be made into 
FBG sensor based technologies.  
The FBG Optical Spectrum Analyser that will be utilised for this project is a portable 
Micron Optics Sensing Interrogator Optical Spectrum Analyser on loan for a limited 
duration. This interrogation unit is responsible for reading the shift in the Bragg 
wavelength of the FBG induced by the physical parameters applied. This spectrum 
analyser, compared to the available Insensys Optical Spectrum Analyser, was more 
suitable to the range of sensor being used as the spectrometer had a spectral range of 
1535nm-1547nm; Infra Red Region, as well as having additional benefits of costing less 
than OSA and having a higher scanning speed (Majumder, 2008). The Micron Optics 
Optical Spectrum Analyser also provided outputted strain data as Power versus Bragg 
wavelength. 
 
 
  
 
  
 
 
 
 
 
 
 
 
Figure 1.1: (Top) 
Interrogating Unit to be 
used for study. 
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1.4 Research Objectives 
The principal objective of this study is to investigate the response of embedded FBG 
sensors in components purposely made with defects. To emphasise the amount of 
strain change that is able to be detected by the 1539nm Fiber Bragg Grating Sensors at 
the region of a defect, figures from a FEA, extensometer and calculations will be used in 
contrast.   
Embedding Fiber Bragg Grating Sensors during fiber composite fabrication stages 
allows for early monitoring of defects, however much literature glosses over the actual 
fabrication stages and ignores the parameters that may arise during fabrication. 
Therefore this project also aims to look into successfully implemented methodologies 
and practice them in a feasible manner to produce composite specimens purposely 
made with defects and embedded with FBG sensors.  
 
Therefore, taking all the above into consideration, the main objectives include: 
 Demonstrate a feasible method of fabricating specimens for initial testing – to 
obtain material properties. 
 Test preliminary samples to determine the mechanical properties of the fibrous 
composite/epoxy specimen, and also determine at what loading sensors will 
Figure 1.2: (Below) Optical Spectrum Analyser (730-969nm range) 
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break. (Cheaper Silicon Fiber optic sensor, with same core and cladding 
diameters, will be used for this) 
 Create a Finite Element Analysis of the samples containing the purposely made 
defects in order to establish regions of high stress and strain concentration and 
to determine placement of the sensors.  
 Demonstrate a feasible method of fabricating a sample containing FBG sensors 
and purposely made defects. 
 Test sample containing FBG sensors, at a fraction of the Ultimate strength 
(found during preliminary testing), and compare results obtained from Optical 
Spectrum Analyser with that obtained from extension-meter readings. Relate 
findings to FEA and published works. 
The experimentation conducted in this project is intended to reproduce two types of 
loading that GFRP composite specimens may encounter during their intended 
engineering applications. This will be conducted by testing the GFRP composite 
specimens under static loading conditions at a fraction of their ultimate strength. The 
embedded FBGs will be used to monitor any damage accumulation or propagation 
from the purposely created defects and will compare the outputted spectrum data with 
the external data attained from the extensometer. Conclusions will be drawn from the 
contrasted data. 
This project is divided into four primary components: 
1. Defining Project Requirements and research induction into FBG, SHM and 
GFRP 
2. Literature Review relating to: 
 Research and Design methodologies 
 Existing limitations of research 
 Current success associated with project topic 
3. Fabrication and Experimentation  
 FEA 
 Test fabrication –initial 
 Final fabrication – final 
 Testing of samples 
4. Analysis of Results 
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The project results will be used to distinguish the change in FBG spectrum data when a 
defect is present within the region of the FBG sensor in comparison to strain calculated 
using FEA. This will assist with future studies into the detection of composite failure 
mechanisms, and help distinguish areas of defect propagation within a Fibrous 
Composite component, and likely loads, or stages of component life at which this will 
occur.    
 
1.5 Conclusion 
This dissertation will define the methodologies implemented throughout the course of 
this project and record all findings and results attained within the project duration. 
The literature review for this project is likely to reveal successfully implemented 
design and fabrication methodology for the embedding of FBG sensors and defect 
detection. Literature will also provide background knowledge into Fiber Bragg 
Gratings, Structural Health Monitoring and Composite failure mechanisms, which will 
assist with the experimentation and analysis modules of the project. 
The project is expected to produce a contrast of results gathered from static load 
testing of GFRP composite components embedded with FBG sensors, containing pre-
made defects. Results are likely to produce distorted spectrum outputs, indicating the 
redistribution of strain along the embedded FBGs; illustrating the response of FBGs 
within the presence of defects. This will be looked into further in Chapter 2. 
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CHAPTER TWO – LITERATURE REVIEW 
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 2.1 Introduction 
This chapter will review literature on the use of FBG sensors in Structural Health 
Monitoring, essentially published works that have incorporated the use of fiber optic 
technologies into the fabrication and testing of fibrous composite structures. From the 
review, the need to conduct further studies into the Use of Fiber Optic (FBG) Sensors in 
Structural Health Monitoring, as well as existing application of FBG sensors in SHM will 
be emphasized. An overview of FBG Sensors and Structural Health Monitoring will also 
be conducted.  
The review will be related to the project objective of investigating the response of 
embedded FBG sensors in components purposely made with defects, and will 
investigate related studies and examine results of these studies. Therefore 
investigations will be conducted into the design and fabrication methodologies 
implemented in similar studies, focusing on the following: 
1. The fabrication processes used for the embedment of FBG sensors into GFRP 
Composite specimens 
2. Methods used to simulate delamination and micro-cracking within the 
specimens through use of purposely made defects 
This review will help determine appropriate methodology for the fabrication and 
design stages of the project, and once completed, conclusions will be made about the 
methodologies to be implemented within the design and fabrication stages of the 
Project, and will this will be discussed in Chapter 3 with justification for selections. 
The literature review will also be referred to in the results section (Chapter 4) of this 
dissertation, in order to make comparisons between obtained results.  
  
 2.2 Composites and Glass Fiber Reinforcement 
Composites are comprised of a macroscopic combination of two or more materials to 
make a new material with enhanced structural properties and environmental 
applications. Composite materials offer great strength-to-weight ratio, corrosion 
resistance, electro-magnetic transparency, wear resistance, and enhanced fatigue life, 
as well as providing strength similar to engineered alloy metals. This comparison can 
be viewed in Figure 2. 
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Figure 2.1 depicts the Young’s Modulus versus density of some Engineering Materials. 
Table 2.1 lists the materials that are included in Figure 2.1 under the corresponding 
classes.  
  
Figure 2.1: Material Properties of Engineering Materials. (ASM Handbooks Online, 2002) 
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Table 2.1: Engineered material classes included in Figure 2.1 
Engineering alloys  
Aluminium (Al) alloys  
Copper (Cu) alloys  
Lead (Pb) alloys  
Magnesium (Mg) alloys  
Molybdenum (Mo) alloys  
Nickel (Ni) alloys  
Steels (MS, mild steels and SS, stainless 
steels)  
Cast irons  
Tin (Sn) alloys  
Titanium (Ti) alloys  
Tungsten (W) alloys  
Zinc (Zn) alloys  
Beryllium (Be)  
Boron (B)  
Germanium (Ge)  
Silicon (Si)  
 
Engineering plastics (thermoplastics and 
thermosets)  
Epoxies (EP)  
Melamines (MEL)  
Polycarbonate (PC)  
Polyesters (PEST)  
High-density polyethylene (HDPE)  
Low-density polyethylene (LDPE)  
Polyformaldehyde (PF)  
Polymethyl methacrylate (PMMA)  
Polypropylene (PP)  
Polytetrafluoroethylene (PTFE)  
Polyvinyl chloride (PVC)  
Polyimides  
 
Elastomers  
Natural rubber  
Hard butyl rubber  
Polyurethanes (PU)  
Silicone rubber  
Soft butyl rubber  
 
Glasses  
Borosilicate glass  
Soda glass  
Silica (SiO2)  
 
Polymer foams  
Cork  
Polyester  
Polystyrene (PS)  
Polyurethane (PU)  
 
Engineering composites (polymer-matrix 
composites) 
Carbon-fiber-reinforced polymer (CFRP)  
Glass-fiber-reinforced polymer (GFRP)  
Kevlar-fiber-reinforced polymer (KFRP)  
 
Engineering ceramics  
Alumina (Al2O3)  
Diamond  
Sialons  
Silicon carbide (SiC)  
Silicon nitride (Si3N4)  
Zirconia (ZrO2)  
Beryllia (BeO)  
Mullite  
Magnesia (MgO)  
 
Porous ceramics (traditional ceramics)  
Brick  
Cement  
Common rocks  
Concrete  
Porcelain  
Pottery  
 
Cermets  
Tungsten carbide/cobalt (WC-Co)  
 
Woods  
Ash  
Balsa  
Fir  
Oak  
Pine  
Wood products (laminates)  
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There exist various classifications of composite materials, the principle variety being 
Reinforcement, Laminate configuration and hybrid Structure. Barbero (1999a) 
suggests that the most common composites are those made with strong fibers held 
together in a binder...Fiber reinforcement is preferred because most materials are much 
stronger in fiber form than in their bulk form. The increase in strength is attributed to 
the reduction of defects in fibrous materials because the matrix of the material 
becomes aligned. Also composites bare a load-sharing mechanism (Miracle, B & 
Donaldson, S, 2003) that allows them to withstand greater loads as opposed to their 
separate constituents. 
Composites can also be classed according to their matrix constituent, and in this 
project, a combination of Reinforcement and laminate configuration will be used for 
the intended Polymer-Matrix Composite. Fabrication of specimens will include four 
layers of Continuous Bidirectional E-glass long fibers (0/90 Biaxial) and Uniaxial Long 
Fibers in a laminate configuration.  The orientation and configuration of biaxial and 
uniaxial will be determined within the conclusion section of this review. 
Despite advantages of fiber reinforcement, it has been documented that fibers cannot 
sustain compression or traverse loads (Barbero, 1999b) and that structural components 
made from fibrous composites that undergo high fatigue loading situations during their 
operational lifetime face degradation of their properties (Epaarachchi, 2006).  
Kuang & Cantwell (2003) also report that fiber composites exhibit a range of unique 
failure modes not observed in their metallic counterparts such as delamination, matrix 
cracking and fiber fracture. Therefore these highlighted literatures provide rational to 
further research into the continuous monitoring of the structural health of components 
manufactured from fibrous composite components to ensure their integrity is to 
operational standard.  
 
  2.2.1 Failure Modes and Damage Mechanisms 
Fibrous Reinforced plastics have become prominent in engineering applications during 
recent years and posses unique properties that distinguish them from other commonly 
used materials. However as noted in section 2.2, composites exhibit damage mechanics 
such as delamination, matrix cracking and fiber fracture, which according to 
Epaarachchi (2006), are complex and not completely understood. This entails that a 
range of issues concerning damage accumulation within composite components need 
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to be resolved in order for progression and further development of Structural Health 
Monitoring technology to occur. 
Delamination typically occurs at stress free edges due to a mismatch in properties of 
the individual layers, regions where thickness is reduced (ply drops), as well as regions 
subject to out-of-plane loading (O’Brien, 2003). Matrix Cracking will occur between 
two differently orientated layers, in the traverse direction. The crack propagation will 
become arrested when reaching a layer of different orientation, or may continue to 
propagate down the interface of the two layers, resulting in delamination.  
 
 
Other matrix cracks will tend to develop in other regions, resulting in an increased 
density of cracks per unit area and eventually leading to failure. When defects appear 
within a composite component, stresses are redistributed to areas not affected by 
damage, and therefore as defects begin to propagate there become a decrease in area 
able to withstand the load applied. 
 
 2.3 Smart Structure Technology & FBG Sensors   
Smart structure research emerged from America in the 1980’s on account of the 
Military’s need to integrate radar antennae into the structure of military aircraft, so 
Figure 2.2 (Left): Depiction of Delamination in FRP 
(Wikipedia, 2009) 
Figure 2.3 (Right): Depiction of matrix cracking along 
traverse direction. Delamination occurs at interface of 
two layers. (O’Brien, 2003) 
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that the health of the structure could be monitored (Kuang & Cantwell, 2003). Since 
then, further studies have been conducted into the use of fiber optic technology in 
structural health monitoring, and has seen Fiber Bragg grating sensors prevail due to 
the advantages they offer over traditional Non Destructive Testing methods, such as 
ultrasound, acoustic emission and electromagnetic testing that disrupt daily operations 
and are expensive. Fiber Bragg Grating Sensors also offer inherent signalling ability and 
multiplexing capability over other Fiber Optic Sensors. 
Fiber Bragg Gratings are optical sensors written within the core of a standard, single 
mode optical fiber. They are manufactured utilising a spatially-varying pattern of 
intense Ultra Violet laser light which has enough energy to break the highly stable 
silicon-oxygen bonds within the fiber. The gratings are created when two coherent 
beams interfere causing a periodic variation in the refractive index of the fiber, or 
when a mask is placed over the fiber (Kashyap, 1999, Smartfibres, 2009).  
When a light source is supplied to the FBG, only a narrow range of light wavelengths 
corresponding to the Bragg wavelength will be reflected, transmitting this spectral data 
to the attached FBG spectrum analyser. All other wavelengths will partially reflect at 
tiny index variations and interfere destructively, causing those wavelengths to be 
transmitted (Figure 2.4). 
 
 
 
 
Figure 2.4: Workings of FBG Sensor. Light is inputted and wavelength corresponding to initial Bragg 
wavelength will be reflected by gratings. The reflected spectrum is used to monitor damage within a 
composite. 
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Maximum reflectivity occurs at the Bragg Wavelength (λΒ): 
𝛌𝚩 = 𝟐𝐧𝐞𝐟𝐟 𝚲                                                                            (1) 
 
Equation 1 indicates that the grating period and refractive index are proportional to 
the Bragg wavelength, where neff is the effective refractive index of the core material, 
and Λ is the grating period, and both are proportional to the axial strain of the optical 
fiber, εf, and are expressed by equations 2 and 3 (Smartfibres, 2009 and Takeda, 2001).  
 
𝒏𝒆𝒇𝒇 = 𝒏𝟎 −
𝒏𝟎
𝟑
𝟐
[𝑷𝟏𝟐 − 𝝂𝒇(𝑷𝟏𝟏 + 𝑷𝟏𝟐)]𝜺𝒇                                    (2) 
 
𝚲 =  𝟏 + 𝛆𝐟   𝚲𝟎                                                             (3) 
 
As an embedded Fiber Bragg Grating Sensor will reflect a narrow band of light 
corresponding to its initial Bragg Wavelength, it will reflect the spectral response along 
the Grating. When the structure containing the embedded sensor becomes subject to a 
loading condition, the period of the grating becomes strained due to the resulting 
variation in the component length. This will cause a variation in the grating period, and 
effective refractive index – via strain optic effects (Kuang et al., 2001a), leading to a 
change in the Bragg condition and shift of the outputted spectral data. If εf is uniform 
along the entire length of the FBG, 𝑛𝑒𝑓𝑓  and Λ are also uniform, thus the reflection 
spectrum shifts its centre wavelength keeping narrowband, but if εf is non uniform 
along the gauge length, the reflection will become distorted because only various 
components of the wavelength will reflect due to the non uniformity caused along the 
grating, and thus change in optic effects (Takeda, 2001).  
The theoretical wavelength shift for an isothermal condition can be calculated by: 
𝚫𝛌𝚩
𝛌𝚩
= 𝝆𝜶 𝛆                                                                 (4) 
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Where ρα is the photoelastic coefficient of the Fiber, ε is the applied longitudinal strain 
(Epaarachchi, 2006).  The photoelastic coefficient was calculated to be 0.793 in a study 
conducted by Epaarachchi (2006) which implemented an FBG with the same core 
diameter of 5μm and cladding of 125μm. This value will be used in later calculations in 
Chapter 3 of this dissertation. 
Fiber Bragg Grating sensors possess the ability to monitor strain changes within a 
component, and this is dependent on the position of the highest peak wavelength 
(power intensity) of the reflected FBG spectrum as it moves when subject to loading. 
This is important especially when monitoring FBG reflection spectrum with multiple 
peaks. In considering this, the change in strain incurred during loading can be 
calculated by rearranging equation (4): 
𝛆 =  
𝚫𝛌𝚩
𝝆𝜶×𝛌𝚩
                                                                  (5) 
 
Deformed FBG reflected spectral data can occur as a result of non-uniformly strained 
gratings or chirpings as they are commonly referred to in published works, and allows 
for the detection of damage in host materials. Chirpings can arise when embedding FBG 
sensors in fiber reinforced composites, due to a number of reasons. Kuang et. al. 
(2001b) suggested the following:  
 Residual stress accumulation generated during fabrication (due to difference in 
materials’ thermal expansion coefficients), leading to asymmetric loading of the 
FBG. 
 Orientation of FBG sensor with respect to reinforcing fibers in adjacent plies  
 Influences during fabrication such as resin flow and stacking configuration of 
composite reinforcing fibers. 
Another factor to be considered when monitoring reflected FBG spectral data is 
wavelength hopping (Kuang et. al, 2001c), which is a sudden change in highest peak 
wavelength position, as other peak wavelengths existent in the present spectral data, 
exceed the intensity whilst the composite undergoes loading. This strain anomaly 
should be considered as an inability of Fiber Bragg Grating demodulation systems to 
discriminate the original monitored peak from other peaks when the spectral shape 
changes with applied load (Kuang et. al, 2001d).  
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 2.4 Research & Fabrication Methodologies  
A review of available literature will uncover a variety of techniques and fabrication 
methods for embedding Fiber Bragg Grating sensors to achieve greater response when 
monitoring defects within composite components, and avoiding anomalies in FBG 
reflected data. 
The review also aims to look into how other authors simulated damage mechanisms of 
composites, such as cracking and delamination. 
  
 
 
Figure 2.5: Example of ‘Wavelength Hopping’ as described by Kuang et. al (2001).  
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  2.4.1 Use of Embedding FBGS to Monitor Defects in  
   Composites 
Embedded FBG sensors have been used successfully to locate cracks and delamination 
accumulation in composites by Ling (2007), Barton (2001), Takeda (2002) Kuang et. al 
(2001), Okabe (2004), Ussorio (2004) and Gumes and Menendez (2002). 
Okabe (2004) embedded FBGs to detect traverse cracks and damage accumulation in 
composites, as well as successfully relating crack density with the reflected FBG 
spectral data of small diameter FBGs in Carbon Fiber Reinforced Plastics. He concluded, 
after tensile loading of the specimens, that the spectra had dips corresponding to 
locations of traverse cracks, and that the shape of the spectrum was able to be justified 
using a theoretical calculation, therefore demonstrating that the peaks allowed for 
identification of crack locations within the composite. 
Gumes and Menendez (2002) also discuss the response of embedded FBG optic sensors 
in composite laminate and found that embedded FBGS were submitted to traverse 
loads in the plane of laminate during curing which in turn caused the reflected 
spectrum to split into multiple peaks. They continued to say that information about the 
traverse strain could be obtained from the bandwidth between the peaks.  
A similar study was conducted by Kuang et. al(2001) which incorporated embedded 
FBGS in advanced composite materials, FRP and FML, and investigated the post 
fabrication effects on FBG reflected spectra. It was discussed how different 
configuration of composites and embedment directions of FBGS, with respect to 
adjacent reinforcing fibers, contributed to distortion of the spectra, and changes in 
spectral data was identified and defined. It was found after conducting tensile testing of 
specimens, that distortion (multipeaks) and broadening of the reflected spectra were 
observed in several of the angle ply specimens as a result of non-uniformity cause by 
asymmetric loading of the FBG. Unidirectional specimens however produced well 
defined peaks, and Kuang attributed this to the FBGS nestling in between the 
reinforcing fibers, therefore becoming less influenced by adjacent angle-ply.  
 The use of several FBG sensors located at different layers of a test specimen was 
implemented by Silva-Munoz and Lopez-Anido (2008), with the objective of 
investigating the optimum location of the sensors for detection of crack extension 
during fatigue testing. From the study it was found that embedment of multiple FBG 
sensors were able to detect changes in strain due to crack extension during fatigue 
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loading, and that the optimum location for detecting cracks extension was at the 
interior base plate of the sensors, as it was close enough to detect the strain, and far 
enough away not to be affected by the strain gradients at the crack tip.  
Studies conducted by Takeda (2009) were similar in the way that he implemented the 
use of numerous FBGs to monitor crack propagation. This was also supported by works 
conducted by Kitade et. al (1997a) which discussed the same method for detecting 
traverse matrix cracks and delamination in carbon-epoxy composites. He also suggests 
that embedding the fibers in a curved manner allowed for better detection of 
delamination, as this configuration facilitates the fracture of fibers when the ply 
undergoes delamination. Kitade et. al. (1997b) also suggests that embedding the 
optical fibers perpendicular to the reinforcing fibers would allow for the detection of 
matrix cracks. However, according to Kuang & Cantwell (2003), embedding an optical 
fiber perpendicular to the direction of the reinforcing fibers may have a detrimental effect 
on the properties of the host structure. And in light of this Takeda (1997c) proposed a 
method of embedding fibers parallel to the host to minimise the discontinuities 
resulting from sensor inclusion. 
Other interpretations of reflected spectra made by Kuang et. al (2001), Takeda et. al 
(2001) and Ling et. al. (2006) after conducting studies on the use of FBG sensors in the 
structural health monitoring of FRP are summarised in Table 2.2. It concerns the 
spectral shape, shift, and effects of testing to the reflected spectra. 
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 Table 2.2: Interpretations made in published works concerning the Change of spectral data when subject to loading conditions 
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Interpretation/ 
Cause 
Source 
        Application of strain to FBG, and thus grating length of 
FBG 
Takeda et. 
al.(2001) 
        Non- uniform application of strain OR stress 
concentration along grating length. May be attributed 
to initiation of delamination which causes one main 
peak with some lower components. Intensity of Lower 
components decrease with growth of delamination  
Kuang et. 
al.(2001), 
 
Takeda et. al. 
(2001) 
        Traverse Crack occurrence within vicinity of FBG; 
causes multi-peaks and broadening due to non-
uniform axial strain distribution in sensor. 
Takeda et. al. 
(2001) 
        Bending effect within gauge length of FBG; bending 
load increases and strain gradient along grating 
becomes higher, increasing bandwidth and 
decreasing intensity. 
OR  non uniformly spaced and strain gratings 
Ling et. al.(2006) 
        Increase in intensity of additional peak due to local 
strain concentrations at certain points of grating 
Ling et. al.(2006) 
        Fluctuating intensities of reflected spectra indicates 
interruption of strain gradient caused by existence 
of delamination. 
Ling et. al.(2006) 
& Takeda (2001) 
        Stress concentration at tip of delamination. A 
change of side for the additional peak compared to 
previously obtained data could indicate 
delamination on other side of original peak. 
Ling et. al.(2006) 
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  2.4.2 Simulating Defects in Composites 
Embedded FBGS were used to monitor delamination in CFRP. This was conducted by 
Takeda et. al. (2002), and entailed purposely fabricating a notch and traverse crack 
within the CFRP composite and subjecting it to four point bending. The FBGS within the 
specimen were embedded within the vicinity of the intended delamination (above and 
at tip), and produced results indicating that as the delamination length increased, as 
did the form of the spectrum. This was supported by theoretical calculations. 
Ling et al. (2007) also embedded FBG sensors at the tip of the purposely fabricated 
delamination, which they created using a thin piece of Teflon – similar to that used by 
Silva-Munoz (2008), to monitor mode II fracture behaviour of composites. They 
observed from this that as the load applied, through three point bending, was increased 
multipeaks arose, a shift in spectrum occurred and the intensity of the highest peaks 
decreased. They attributed the shape of the spectrum and presence of multipeaks to 
non-uniform strain distribution along the grating due to delamination growth, and 
specified that the split of the spectrum was dependent on the location of the 
delamination within the specimen. Ling et. al. (2007) was also able to monitor the 
whole fracture process (up to 144N) where FBGS were not located too close to the 
delamination.  
Gumes and Menendez (2002) found that embedded FBGS submitted to traverse loads 
in plane of laminate during curing which in turn causes the reflected spectrum to split 
into multiple peaks. They also monitored the response of FBGS in the vicinity of a 
drilled hole. They implement a drilled hole to release residual stresses within that 
location, as internal stresses promoted in the laminate by the curing process must cancel 
at free edges or cuts. From this they affirmed that increasing the size of the hole 
increased the amount of stress release. 
Kuang et. al. (2001) was able to distinguish the cause for the reflected spectrum 
splitting into multiple peaks during curing, which he found was due to residual strain 
caused by differences in thermal expansion coefficients between the FBG and the host 
material. He was also able to estimate this in his study. 
In discussing actions that have been taken to control crack initiation and propagation, a 
crack detection technique has been trialled by Takeda (2009a), which utilises a crack 
arrester within a foam core sandwich structure to prevent crack propagation between 
the foam and the CFRP facesheet. To detect crack propagation, he implements the 
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technique devised by Hirose (2007), which uses two embedded FBG sensors on both 
sides of the crack arrester, running traverse to the length of the sample. As the crack 
propagates closer to the arrester, the FBG sensor responds to this and outputs a 
spectrum of two peaks due to a birefridge effect (Takeda, 2009b) of the sensor.  
As the crack arrester is capable of decreasing the energy release rate at the tip of the 
crack by suppressing local deformation around the crack, this method, with the 
implementation of FBG sensors, is effective because early detection of the crack allows 
for greater reliability within similar structures. This method could be trialled with 
GFRP laminates, as crack arresters could be incorporated between layers and at areas 
most likely to be affected by defects. 
 
  2.4.3 Effects of embedding FBG Sensors 
In regard to effects of embedded FBG sensors to crack initiation or accumulation under 
quasi-static loading, findings have found that the obtrusivity of an FBG embedded in 
the 0ᵒ ply near a 0/90 interface isn’t large enough, even with poorly optimised coating, to 
affect the site of matrix crack accumulation (Barton et. al, 2001), however it was found 
that the presence of an FBG inhibited the fatigue growth of traverse ply crack at low 
peak cyclic strains during fatigue testing. To avoid this it was suggested that the 
distance of the optical fiber from the 0/90 interface be increased. Contradicting this, a 
study conducted by Takeda (2001) on Delamination Detection in CFRP Laminates, he 
used small 52 μm cladding sensors as he infers that the embedding of normal FBG 
sensors can cause the strength deterioration of host materials because their 125 μm 
cladding is similar to the thickness of one prepreg ply of CFRP.  
There have been cases in which the protective coating of optic fibers have not been 
removed (Kuang & Cantwell, 2003) for reasons of providing better adhesion to the 
epoxy, preventing defects propagating from these areas. However experimentation 
conducted by Epaarachchi (2006), uses stripped FBG sensors successfully to monitor 
the response of FBG sensor in GFRP specimens.  
The influence of length and coating of embedded FBG sensors was evaluated by Viera 
et. al (2008) and found that coated sensors with small grating periods were preferred 
for cure monitoring applications, and that coated sensors sustained higher longitudinal 
strains when used in tensile tests.  
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In studies conducted by Epaarachchi (2006) and Dawood (2007), plastic sheath was 
used to protect the FBG during manufacture, as inclusions can form on the surface of 
the sensors during the curing process (Udd, 1995). 
 
  2.4.4 Manufacturing of Composites  
In published works by Dawood (2007a), a stage by stage procedure was demonstrated 
to embed FBG sensors between the skin-core interface of a GFRP sandwich beam 
specimen using a vacuum infusion method. Practical issues such as sensor placement 
and alignment, specimen layup and resin infusion are also discussed, as well as post 
cure effects and results of load analyses.  
Dawood (2007b) incorporated and array of six FBG sensors (spliced together) and the 
spacing and positioning of the sensors was determined by firstly conducting and 
ANSYS analysis of the beam to be fabricated. Datum lines were drawn on the 
reinforcing plies to ensure alignment of the sensors would be achieved during 
embedding, and white tack and epoxy resin were also used to hold and bond the FBG to 
the core before layup of the glass fiber.  
To embed the FBG part of the glass fiber was pierced to allow easy exit. A vacuum bag 
resin infusion method was what they used to manufacture the material specimen. 
    
 2.5 Summary 
In reviewing the above, the conclusion drawn by the majority of authors were similar 
and state that shape of the spectrum strongly depended on the non-uniform strain 
distribution along the FBG grating stimulated by defects within the composite. Factors 
that contributed to the formation of non-uniformity were found to arise post-
fabrication and during loading applications depending on the configuration of ply used, 
the embedded direction of the FBG with respect to adjacent plies, and utilisation of 
purposely made defects within the composite component. 
After considering the above literature focused on the use of FBG sensors for the 
monitoring of defects within composite specimens, a number of useful methods used in 
the above studies will be implemented in the methodology stages of this project. A list 
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is tabulated below documenting the techniques that will be incorporated in the 
fabrication stages of this project, as well as justification for each choice. 
 
Table 2.3: Summary of findings to be implemented in Methodology. 
 
Method Justification 
Use a combination of Fiber 
reinforcement, and Epoxy Resin 
(polymer-matrix configuration) 
Use of combination angle ply will allow for an 
interface to be formed between two 
differently orientated layers, and thus 
material properties, promoting the 
propagation of delamination and cracking to 
occur.  
Embed FBG parallel to, or in same 
direction of, ply that FBG is being 
embedded in 
Reduce generation of non-uniformly strained 
gratings and asymmetric loading of the FBG in 
angle ply configurations, thus causing 
distortion of reflected FBG spectra. 
Will also minimise discontinuities resulting 
from sensor inclusion. 
Use of multiple embedded sensors to 
monitor damage propagation within 
composite 
From findings conducted by Silva-Munoz 
(2008), Kitade (1997) and Takeda (2009), 
found that the use of multiple sensors helped 
to detect changes in strain during loading 
conditions. 
Simulate defect using Teflon sheeting to 
fill hole.  
Defect will also be made quite large (square 
hole) to reduce residual strain (Gumes and 
Menendez, 2002). And Teflon sheeting will be 
used as provides non-stick surface from which 
cracking and delamination can propagate 
FBG Sensor Cladding to be left intact Promote better adhesion to epoxy (Kuang and 
Cantwell, 2003) and sustain higher 
longitudinal strains (Viera et. al., 2008).  
Tubing to be utilised during fabrication 
stages whilst embedding FBGS 
Protect sensor surface (cladding) from 
inclusions that can arise during curing process 
(Dawood, 2007). 
Conduct tensile and flexure testing on 
composite to monitor response of FBG 
These testing schemes were implemented by 
the above authors and provided spectral 
results which allowed for the determination 
of crack locations and delamination detection. 
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CHAPTER THREE –PROJECT METHODOLOGY 
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 3.1 Project Planning 
  3.1.1 Timeline 
Future Processes are documented in the Project Timeline, Appendix B, and outline the 
stages at which project methodology should be carried out and completed. The 
timeline will ensure the completion of tasks within set time constraints. 
The estimated amount of hours to be contributed towards the completion of this 
project and accompanying dissertation are as follows in Table 3.1. 
 
Table 3.1: Estimated Hours towards Project 
Project Task 
 
Time Required (hours) 
Topic Selection/allocation 5 
Initial Project Research 10 
Safety Induction & Risk 
Assessment 
5 
Literature Research & Review 40+ 
Design and Manufacture 
(workshop/laboratory) 
25+ 
ANSYS Analysis 5 
First Seminar Presentation 5 
Matlab 5 
Sample Testing and 
Experimentations 
10 
Project Appreciation 20-30 
Project Seminar 5 
Dissertation 150+ 
 
Time restrictions exist in the CEEFC P2 workshop due to use by other personnel. 
Another restriction includes use of the Optical Spectrum Analyser, as it will be on loan 
for one week duration in September. Therefore all data will have to be manipulated in 
this time frame in order to achieve results for this study. 
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   3.1.2 Resource Requirements 
Project requirements included the purchase of silicon Fiber Optic Sensors with 
cladding of 125μm, core diameter of 5μm, 1539nm Fiber Bragg Grating sensors with a 
diameter with cladding of 125μm, core diameter of 5μm and grating length of 5mm, 
two part Epoxy and 0/90ᵒ Biaxial and 0ᵒ Uniaxial E-glass from Colan Australia. Timber, 
screws and metal racks were also required for purchase, from a local hardware store, 
in order to create a fabrication rack for use during lay-up of the composite plies/epoxy 
resin. 
Other required resources were available at P2 and P9 and can be found according to 
their intended purposes in Appendix D – Production Work Instructions, for the 
fabrication of: 
1. Fiber Composite Panel (tensile specimens) 
2. Fiber Optic Sensors 
3. Fabrication Rack 
4. Fiber Composite Panel with defects and embedded FBGS 
 
  3.1.3 Risk Management and WH&S 
According to the Queensland Workplace Heath and Safety Act (1995, p.18), Part 1, 
Division 2, s4 concerning the application and obligation of the act the Act binds all 
persons, including the State and, so far as the legislative power of the Parliament permits, 
the Commonwealth and the other States. The act continues to describe the objective of 
the act in Part 1, Division 3, s7. The objective of this Act is to prevent a person’s death, 
injury or illness being caused by a workplace, by a relevant workplace area, by work 
activities, or by plant or substances for use at a relevant place... The objective is achieved 
by preventing or minimising a person’s exposure to the risk of death, injury or illness 
caused by a workplace, by a relevant workplace area, by work activities, or by plant or 
substances for use at a relevant place. 
 
After careful consideration of the Workplace Health and Safety Act 1995, a Risk 
Management Plan was completed as a duty for a worker under the act. This activity 
was performed as associated elements of the project design and fabrication stages 
contained hazards and associated risks, therefore the risk management plan, found in 
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Appendix C, was completed to minimise the risk whilst performing duties in workshop 
and laboratory workplace areas.  
The plan consisted of a risk register and all procedures associated with hazards were 
initially identified. An assessment was conducted for each procedure by evaluating the 
Level of Risk for each procedure with existing risk controls, and then re-evaluated with 
new risk controls to ensure that procedure could be performed at minimal risk. 
 
 3.2 Design & Fabrication Methodology  
Investigation and evaluation of methodologies implemented in published works 
discussed in Chapter 2 influenced the techniques used within the methodology section 
of this Project.  
From the literature review, it was decided that for Panel Configuration 1 the lay-up of 
reinforcing fibers would consist of 2x 0ᵒ Uniaxial (outer) and 2x 0/90ᵒ biaxial (inner) 
fibers (refer to Figure 3.1). The decision to utilise fibers of different orientation, and 
thus material properties, was decided upon after reviewing the published work of 
O’Brien on the mechanisms of composite delamination, as the creation of an interface 
between two different materials was more likely to promote propagation of 
delamination or matrix cracking during the testing of the specimen.  
A test specimen, w110mmxL270mm, was to be cut from the fabricated panel. Two 
defects of 15x15mm dimensions were also to be cut from layer two (0/90 Biaxial) of 
Panel the test specimen (Figure 3.2). Cutting two square holes into the configuration, 
would allow for a release of residual strain to occur during curing, hopefully preventing 
some post-fabrication ‘chirping’ in FBG reflected spectra. Square holes were chosen in 
hope of creating higher stress concentration at the corners of the square as they would 
act as large stress raisers within the specimen; allowing for a more prominent stress 
gradient. This is supported by Beer et. al, 2004, who states that higher stresses occur if a 
cross section of a member undergoes a sudden change. 
Baking paper will be used to fill the two holes, providing a non-stick interface in which 
delamination can occur. The two holes will be located centrally, with 5mm spacing 
from each other. The location of the sensors to be embedded will be determined from a 
Finite Element Analysis to be conducted in ANSYS Workbench. 
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Another panel, Panel Configuration 2, containing 0/90ᵒ biaxial reinforcing fibers was 
also chosen for fabrication to make 8 specimens for tensile testing, cut to AS1145.4-
2001 (Figure 3.3, Figure 3.4). Four specimens were chosen to contain defects of 
15x25mm located centrally, whereas the other four specimens were made with nil 
defects.  Two of the four specimens with nil defects where chosen to be embedded with 
silicon optical fibers, in attempt to determine the amount of loading that the optical 
fibers could withstand, and whether they would break during testing. 
The decision to test this additional configuration (Panel Configuration 2) was made so 
that results, highlighting the difference in strength of composites containing defects 
and not containing defects, could be obtained. 0/90ᵒ biaxial reinforcing fibers were 
chosen for use, to contrast against specimens cut from Panel Configuration 1. 
Figure 3.1 (left): Panel Configuration 1. 300x300mm panel, 4 layers 0/0-90/0-90/0 lay-up 
configuration.  
 Figure 3.2 (right): Dimension of test specimen to be fabricated from 300x300mm panel 
configuration 1. 
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  3.2.1 ANSYS Analysis of Specimens 
   
 
  3.2.1 ANSYS Analysis of Specimens  
An initial Finite Element Analysis was carried out in ANSYS Workbench for each 
specimen configuration (Figure 3.6, Figure 3.7, Figure 3.9 and Figure 3.10) prior to 
fabrication, in order to determine the stress and strain distributions within each 
configuration and determine at which locations the Fiber Bragg grating sensors should 
be embedded in the Panel Configuration 1 Test Specimen. This was conducted for 
tensile loading only, as flexural loading was unable to be performed in ANSYS. 
The material properties of 0/90 Biaxial and Uniaxial E-glass, listed in Table 3.2, were 
obtained from published work by Khelifa, 2007, and were used in the initial FE 
Analyses. The UTS of 0/90 Biaxial was also found to be 110MPa.  
  
Figure 3.3 (left): Panel Configuration 2. 300x300mm panel, 4 layers 0-90/0-90/0-90/0-
90lay-up configuration.  
Figure 3.4 (right): Eight tensile specimens to b  ut from Panel Configuration 2. Four 
containing defects, four containing nil defects. Tensile Specimens to be cut to AS1145.4-2001. 
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Table 3.2: Material Properties of 0/90 and 0 Uniaxial E-glass (Khelifa, 2007) 
 
Material 
 
E1 
(GPa) 
E2 
(GPa) 
E3 
(GPa) 
Ρf 
(g/cm³) 
ν12 ν13 ν23 G12 
(GPa) 
G13 
(GPa) 
G23 
(GPa) 
0/90ᵒ 
Biaxial 
11.04 11.04 6.75 2.5 0.12 0.32 0.32 1.57 1.53 1.53 
0◦ 
Uniaxial 
18.04 3.74 3.74 2.5 0.34 0.34 0.25 1.57 1.57 1.49 
 
 
 
 
 
Initial calculations were conducted in order to determine likely breaking loads for 
Panel Configuration 2 tensile specimens. Using the UTS found from the review of 
literature, as well as the cross sectional dimensions of the specimen, the force to be 
applied at each end of the modelled tensile test specimen containing a defect (for Panel 
Configuration 2) was calculated to be 2337N for this simulation (Refer to 
Calculation1).  
 
For Tensile Specimen with defect (15x25mm)     (1) 
𝜎𝑈𝑇 =
𝐹
𝐴
 
Figure 3.5: Axes of Symmetry for Fibrous Composites (ISO14125:1998) 
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𝐹 = 110𝑀𝑃𝐴 ×   25𝑚𝑚 × 2𝑚𝑚 −  (15𝑚𝑚 × 0.5𝑚𝑚)  
𝐹 = 4675𝑁 
𝐹
2
= 2337.5𝑁 
 
For Tensile Specimen with nil defect 
𝜎𝑈𝑇 =
𝐹
𝐴
 
𝐹 = 110𝑀𝑃𝐴 × (25𝑚𝑚 × 2𝑚𝑚) 
𝐹 = 5500𝑁 
𝐹
2
= 2750𝑁 
 
The modelling of Panel Configuration 2 tensile specimen within ANSYS Workbench 
required a w25 x L250 x t2 extrusion, with a symmetrical w15 x L12.5 x t0.5 removed 
material extrusion taken from the both sides of the centreline of the object and located 
0.5mm from the surface. The above orthotropic material properties were applied to the 
solid, and the above calculated force was applied for each specimen in the simulation 
program of ANSYS Workbench. 
For a Panel Configuration 2 tensile specimen containing a 15x25mm defect, the highest 
stress and strain gradients were obtained at locations of smaller cross sectional area. 
The highest normal stress and strain values in axial direction were found to be 
63.5MPa and 5.7x10^-3mm/mm respectively (refer to Figures 3.6 & 3.7). The results 
obtained from the ANSYS Analysis would later be compared with that obtained from 
tensile tests. 
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The same material properties (from Table 3.2) were used for the initial ANSYS 
Analysis of Panel Configuration 1 Test Specimen, so that the stress and strain gradients 
could be found, and so that areas in which to embed the Fiber Bragg Grating Sensors 
could be determined. 
For the simulation, a w110 x L270 x t2mm solid was extruded, with two w15 x L15 x 
t0.5mm material removal extrusions to replicate the defects. The defects were spaced 
5mm apart at the centre of the specimen and 0.5mm from the surface. Mesh around the 
defects was refined in order to gain a more precise model (Figure 3.8). A force of 1KN 
was applied for the initial simulation.  
Figure 3.7: Normal Stress distributions for Panel Configuration 2 tensile 0/90ᵒ biaxial specimen. 
 
Figure 3.6: Normal Elastic Strain distributions for Panel Configuration 2 tensile 0/90ᵒ biaxial specimen. 
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Figure 3.8: Model of Panel Configuration 1 test specimen – internal view of second 
layer containing defects. 
Figure 3.9: Model of Panel Configuration 1 test specimen – Normal Elastic Strain 
(mm/mm) 
Figure 3.10: Model of Panel Configuration 1 test specimen – Normal Stress (MPa) 
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From the initial FEA of Panel Configuration 1 test specimen, it could be seen that the 
maximum stress and strain gradients were located at the region of the defects. It was 
therefore decided that the sensors to be embedded, in the Panel Configuration 1 Test 
Specimen, be located at the location of the defects.  
It was decided that methods, similar to that conducted by Takeda et. al (2002) and Ling 
et. al. (2007), of embedding FBGS at the tip of the simulated defect would be 
implemented, as results from those studies produced a good collection of spectral data 
that changed according to defect growth . Also in keeping to suggestions made in the 
summary of Chapter 2, two FBG sensors would be used to increase capability of 
detecting changes in strain during loading conditions, and the orientation of the embedded 
sensors would correspond to that of the reinforcing ply it is to be embedded with. In light 
of this, the sensor positioning was chosen as per Figure 3.11. 
 
 
 
 
 
 
As layer one of the test specimen was configured to be of 0ᵒ Uniaxial reinforcing ply, the 
FBG to be embedded at layer one would be nestled along the reinforcing fibers,  with 
the intention of reducing any asymmetric loading caused during curing – as found by 
Kuang et. al. (2001). The second FBG would be embedded in 0/90ᵒ Biaxial, and an 
attempt to nestle the fiber along the 0ᵒ reinforcing fibers would be made for the same 
Figure 3.11: Placement of 1539nm FBG Sensors. One sensor to be embedded directly above the 
two defects located in layer 2 and central to the whole specimen. The second sensor to the 
embedded adjacent to the two defects in layer two. The length of FBG in contact embedded will 
be 10mm. 
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reasons. However, some chirping of the FBG reflected spectrum is expected after the 
curing process, due to the existence of neighbouring angle ply and the possibility of 
non-uniformed strained gratings resulting.  
 
  3.2.2 Preparation  
Preceding all preparation and manufacture of the test specimens, a fabrication rack 
was constructed to aid in the lay-up of the composite panels embedded with sensors. 
The rack was fabricated from timber and metal shelfing. Detailed work instructions can 
be found in Appendix D, and specify the required processes and time allocated to each 
of the processes.  
1539nm FBG Sensors and Silicon fiber optic sensors were prepared prior to panel 
fabrication. In relation to findings in the literature review, it was decided that the 
cladding be left intact, to ensure better adhesion to the epoxy, lessening the chance of 
defects propagating from this area. Intact cladding would also allow the sensor to 
sustain higher longitudinal loads. 
It was planned that approximately 10mm of the FBG was to be embedded in the 
composite lay-up. To provide an equivalent grating region to the cheaper silicon fiber 
optic sensor, 10mm of cladding was removed for the purpose of testing to the sensors 
UTS. This was performed to maintain the integrity of the data, as the grating region of 
an FBG does is not covered in cladding. This process appeared feasible as both sensors 
with cladding had diameters of 125μm, and core diameters of 5μm. 
In order to protect the sensors during the lay-up of the GFRP panels, small diameter 
plastic tubing was implemented similarly to Dawood (2007). To do this, two 50cm 
pieces were cut, for each sensor. Each sensor was thread through its two sections of 
tubing, and a small amount of masking tape was used to connect the tubing. The taped 
section of the tubing was moved so that it was situated to one side of the grating. 
Masking tape was used to secure the sensors into place to prevent the movement of the 
sensors, and location of the grating, within the tubing configuration. A diagrammatic 
depiction of this process is shown in Figure 3.12. 
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Subsequent to the sensor preparation, the glass working panel on which fabrication 
would occur was thoroughly cleaned using a cloth, paint scraper and acetone. The glass 
working panel was then provided with a non-stick wax to ensure easy removal of the 
composite-epoxy lay-up after curing. Six plies of 0/90ᵒ Biaxial and two plies of 0ᵒ 
Uniaxial reinforcing fibers were then measured and cut to 300x300mm dimensions. 
Two 300x300mm of satin cloth were also measured and cut for the purpose of acting 
as a protective base for the configurations, against any dirt that may have been missed 
during the cleaning of the glass working panel.  
The reinforcing plies were sorted into the configurations specified for panel 
configuration 1 and 2 in Figures 3.1 and 3.3, respectively, and dimensions of the 
configurations to be cut in the latter (Figure 3.2 and 3.4) were traced onto each panel 
to ensure alignment during fabrication. Four defects (15x25mm) were cut from layer 2 
of Panel Configuration 2 with centrelines of the defects spaced 25mm apart, and two 
Figure 3.12: Diagrammatic depiction of sensor preparation. 
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defects (15x15mm) were cut from layer 2 of Panel Configuration 1. Incisions were also 
made at the marked locations where the sensors were to be embedded. 
Several 15x25mm and 15x15mm pieces of baking paper were also cut. These 
trimmings were to fill the defects cut from layer two of the reinforcing ply; for the 
purpose of simulating delamination. 
 
  3.2.3 Panel Configuration 2 Lay-up 
It was planned that Panel Configuration 2 would be made initially to trial the 
methodology that was decided for use. The reinforcing fibers of Panel Configuration 1 
were therefore stored in a sealable plastic bag for the duration to protect them from 
getting dirty. 
The fabrication of Panel Configuration 2 commenced with the two prepared silicon 
sensors being thread through the incisions at the bottom of the second layer of Panel 
configuration 2 and pulled through so that each end of the sensor was on the surface of 
layer 2, and the masking tape connecting the tubing over the sensors was located at the 
surface of the incision (Figure 3.13). Utilising the fabrication rack, layer one was 
placed on the metal wire shelf, and aligned with the second layer so that they were 
parallel. The sensor(s) were then pierced through first layer at the incisions made; and 
it was ensured that the sensors were perpendicular to both the first and second layers. 
The masking tape connection was thread through until it emerged from the incision in 
layer one (Figure 3.14). All ends of the sensors were stuck to each other using masking 
tape to ensure none of the sensors would fall through the incisions. Once this was 
completed, Layer 2 was also placed on the metal wire shelf for later use. 
 
 
 
 
 
Figure 3.13: 
Embedding Sensor into 
layer 2 
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To determine the amount of epoxy resin to be used for Panel Configuration 2 lay-up, 
the four ply configuration of reinforcing plies, plus one ply of satin cloth were weighed 
on electronic scales. The mass of the configuration was then multiplied by 1.1 to make 
up the amount of epoxy-resin specified for use for each lay-up. The ratio of epoxy to 
hardener was specified as 100:25. 
Therefore to make these amounts for the Panel Configuration 2, the container in which 
the mixture was to be contained was initially weighed and 100 parts of Part A: Epoxy 
was added to the container. 25 parts of Part B: Hardener was successively poured into 
the container and both parts were thoroughly mixed. 
The satin cloth was laid on the glass fabrication panel and approximately one fifth of 
the resin mixture was poured onto the cloth. The resin was spread with a paint roller. 
Figure 3.14: Diagram of embedding process for Panel configuration 2 
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Layer four of the Panel configuration was then placed on top of the satin cloth base, and 
rolling was continued until the epoxy had saturated layer four and resin was evenly 
distributed. A second fifth of resin mixture was poured around the fourth layer, and then 
layer three was laid on top. Again, rolling continued until the resin had soaked through.  
A third fifth of mixture was poured onto layer three and distributed to the entire 
surface. Layer two (attached by sensors to layer 1) was gently lowered onto layer 3, 
from the metal wire shelf of the fabrication rack. The baking paper cuttings were 
inserted into the pre-cut defect. The surface was then carefully rolled so that all the 
mixture was evenly distributed and no air bubbles were present. Pressure was exerted 
to the incision areas of the sensors, with a paint brush where needed, to rid of air 
bubbles and attempt to keep the panel surface level. Another fifth of resin was then 
added to the second layer. 
Layer one was finally lowered down the protective tubing onto layer two. The sensors 
were pulled through until the masking tape sat just above the incision in layer one, 
ensuring that the grating length resided between the two incisions (Figure 3.15). The 
ends of the sensors were secured to the metal wire rack with masking tape to keep 
them out of the way while the remainder of the resin mixture was poured onto the top 
layer and rolling occurred until all of the mixture was evenly distributed and zero air 
bubbles existed. 
 
 
 
Figure 3.15: Final step in embedding sensor into Panel Configuration 2. Sensor is pulled through 
so that masking tape sits above incision and grating period is between the two incisions. 
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The Composite-epoxy Panel Configuration 2 was left overnight to cure. The next day, 
the panel was checked for quality and any inclusions that may have formed. 
It was found that some air bubbles had arisen at the surface of layer one, near where 
the incisions for the sensors were made (Figure 3.16). This was assumed to be due to 
accidental movement incurred by other workers within the workshop. It was also 
noted that the sensor and tubing located at the surface of layer one was extremely 
brittle, and therefore required gentle handling. 
As the first attempt at fabricating Panel Configuration 2 was deemed unsuccessful due 
to the quality of the lay-up, the whole process was repeated, but this time ensuring a 
caution sign was attached to the fabrication rack. Extended rolling was also added to 
the process to make sure that all air bubbles were pushed out of the configuration. 
These additions proved to be much more successful, producing a panel with zero 
surface inclusions (Figure 3.17). Panel Configuration 2 was then removed from the 
glass working panel and taken to the wet saw where it was cut to AS1145.4-2001 
dimensions for tensile specimens (Figure 3.18).  
Initially, a cutting board was fit above the magnetic clamp and Panel Configuration 2 
was placed on top of the block (in axial direction) and so that the top of the panel was 
parallel to the saw blade and overhanging the cutting board. The height of the saw was 
Figure 3.16: First Attempt at creating Panel Configuration 2. Air Bubbles were found at 
areas where sensor pierced first layer. 
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also adjusted using cross feed handle 2. The panel configuration was then gently 
clamped into place beneath the steel clamping strip and the water tap was turned on. 
The overhanging section was then cut using the left-right handle to provide a smoothed 
edge to start measurements from. The dial indicator on the cross feed shaft was rotated 
until zero marks were aligned. To achieve the suitable width of 25mm specified by 
AS1145.4-2001 for fiber reinforced composite specimens, the cross feed handle was 
rotated 10.95 times (Table 3.3), which was the specified amount by CEEFC. The saw 
was turned back on and the first specimen was cut using the left-right handle. The dial 
was rotated until reading zero, and the process was repeated for the remainder of the 
panel until 8 specimens, plus an additional four specimens – for tab material, were cut. 
 
 
 
 
 
Figure 3.17: Fabrication of Panel Configuration 2 Tensile Test Specimens: 
Second Attempt 
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The specimens were then cut on the bandsaw to achieve 250mm lengths. The 
additional four specimens to be used for tab material were cut to lengths of 50mm.  
Two tabs were glued to each end of each specimen using approximately 100ml of two 
part (50:50) CEEFC standard quick-drying epoxy. Weights were added during the 
curing process, and a cloth was used to wipe any glue that seeped from the interfaces 
to ensure that the specimens were kept tidy.  
After the specimens had cured, an E2000 coupling was attached to the one end of each 
of the two silicon sensors embedded in the tensile specimens. This was done by 
removing 50mm of protective tubing from the end of the sensor and stripping the 
Figure 3.18: CEEFC Wet Saw used to cut specimens to standard 
Table 3.3: Specified CEEFC turns required of cross feed handle 1 to 
achieve specimens of 25mm width. 
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cladding from that length (Figure 3.19). The stripped end was then cleaved using the 
fiber optic cleaver (Figure 3.20). The end was successively cleaned using a glass 
cleaning wipe. 
The E2000 coupling was prepared in much the same way. 50mm of the protective 
yellow plastic tubing was stripped using the sensor strippers, and the insulation was 
also trimmed back. The inner white protective tubing was also stripped a segment at a 
time to prevent the too much force being applied to the coupling (Figure 3.21). Once 
completed, the coupling end was cleaved and then cleaned using the glass wipe. 
The cuts of both the sensor end and the coupling end were checked on the splicing 
machine, and then connected using the V2000 splicing machine (Figure 3.22). To 
prevent the breakage of the unprotected sensor connections, two small rectangular 
pieces of cardboard were cut to approximately 40mmx100mm dimensions and the 
spliced area was sticky taped to the cardboard, providing some reinforcement. 
 
 
 
 
Figure 3.19 (above): Process of Stripping 
Fiber Optic Sensor 
 
 
Figure 3.20 (Left): Fiber Optic Cleaver 
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Figure 3.21: Process of Stripping E2000 Coupling. 
Figure 3.22: V2000 Splicing Machine. 
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  3.2.4 Panel Configuration 1 Lay-up 
After the successful completion of Panel Configuration 2 test specimens, Panel 
configuration 1 was created in a similar manner.  
The fabrication of Panel Configuration 1 commenced with the one of the prepared 
1539nm FBG sensors (sensor 2) being thread through the incision at the bottom of the 
second layer of Panel configuration 1 and pulled through so that end of the sensor was 
on the surface of layer 2, and the masking tape connecting the tubing over the sensors 
was located at the surface of the incision. This was repeated for the second FBG (sensor 
1), but this time embedding it into the bottom of the first layer. The positions at which 
the sensors lay was viewed and rearranged to ensure that once the tubing was 
removed, then sensors would be nestle in between the 0ᵒ direction reinforcing fibers. 
The fabrication rack was utilised to successfully bring the FBG embedded in layer two 
to the surface of layer one. The first was placed on the metal wire shelf, and second 
layer was aligned parallel to layer one. The FBG sensor from layer two was then 
pierced through the first layer at the incisions made; ensuring that the sensor was 
perpendicular to both the first and second layers. The masking tape connection was 
thread through until it emerged from the incision in layer one. All ends of the sensors 
were stuck to each other using masking tape to ensure none of the sensors would fall 
through the incisions. Once this was completed, Layer 2 was also placed on the metal 
wire shelf for later use. 
To determine the amount of epoxy resin to be used for Panel Configuration 2 lay-up, 
the four ply configuration of reinforcing plies, plus one ply of satin cloth were weighed 
on electronic scales. The mass of the configuration was then multiplied by 1.1 to make 
up the amount of epoxy-resin specified for use for each lay-up. The ratio of epoxy to 
hardener was specified as 100:25. 
Therefore to make these amounts for Panel Configuration 1, the container in which the 
mixture was to be contained was initially weighed and 100 parts of Part A: Epoxy was 
added to the container. 25 parts of Part B: Hardener was successively poured into the 
container and both parts were thoroughly mixed. 
The satin cloth was laid on the glass fabrication panel and approximately one fifth of 
the resin mixture was poured onto the cloth. The resin was spread with a paint roller. 
Layer four of the Panel configuration was then placed on top of the satin cloth base, and 
rolling was continued until the epoxy had saturated layer four and resin was evenly 
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distributed. A second fifth of resin mixture was poured around the fourth layer, and 
then layer three was laid on top. Again, rolling continued until the resin had soaked 
through.  
A third fifth of mixture was poured onto layer three and distributed to the entire 
surface. Layer two (attached by an FBG sensor to layer 1) was gently lowered onto 
layer 3, from the metal wire shelf of the fabrication rack. The baking paper cuttings 
were laid inside the pre-cut defects and then the surface was carefully rolled so that all 
the mixture was evenly distributed and no air bubbles were present. Pressure was 
exerted to the incision areas of the sensors, with a paint brush where needed, to rid of 
air bubbles and attempt to keep the panel surface level. Another fifth of resin was then 
added to the second layer. 
Layer one was finally lowered down the protective tubing onto layer two. The sensors 
were pulled through until the masking tape sat just above the incision in layer one, 
ensuring that the grating length resided between the two incisions. The ends of the 
sensors were secured to the metal wire rack with masking tape to keep them out of the 
way while the remainder of the resin mixture was poured onto the top layer and rolling 
occurred until all of the mixture was evenly distributed and zero air bubbles existed. 
The Composite-epoxy Panel Configuration 1 was left overnight to cure. The next day, 
the panel was checked for quality and any inclusions that may have formed. From 
inspection, the manufacture of Panel Configuration 1 was deemed successful. The Panel 
was removed from the glass working panel and sealant was applied to the locations 
where the sensors had pierced layer one. The ductile nature of the sealant provided 
some reinforcement to the now-brittle protective tubing. The sealant was left to dry for 
a couple of hours. 
The panel was then cut to desired dimensions using the wet saw and band saw. A 
cutting board was fit above the magnetic clamp and Panel Configuration 1 was placed 
on top of the block (in axial direction), so that the top of the panel was parallel to the 
saw blade and overhanging the cutting board. The height of the saw was also adjusted 
using cross feed handle 2. The panel configuration was then gently clamped into place 
beneath the steel clamping strip and the water tap was turned on. A cloth was placed 
between the sensors and the clamp to dampen some of the pressure exerted by the 
clamp. 
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The overhanging section of the panel was then cut using the left-right handle to 
provide a smoothed edge to start measurements from. The dial indicator on the cross 
feed shaft was rotated until zero marks were aligned. The test specimen containing the 
defects, and FBG sensors was cut first. To achieve the 110mm dimension, the cross feed 
handle was rotated 46.93 times (required amount of turns to cut 30mm cut multiplied 
by 110÷30: according to CEEFC specifications). 
The saw was turned back on and the test specimen was cut using the left-right handle. 
The dial was rotated until reading zero, and the process was repeated for the 
remainder of the panel, cutting 3 tensile test specimens and 5 flexure specimens which 
would be tested for material properties. The tensile and flexural specimens were cut to 
AS1145.4-2001 and ISO14125:1998 dimensions, respectively (Figure 3.23 and Figure 
3.24). The remaining panel contained insufficient amounts of material from which tabs 
could be made, therefore it was decided that tabs would not be used for the testing of 
the specimens. 
 
 
Figure 3.23: AS1145.4:2001 Type 3 Specifications. 
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Figure 3.24: ISO14125:1998 Class III Specifications. 
Figure 3.25: ISO14125:1998 Four Point Bending Arrangement 
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The test specimen was then cut on the bandsaw to achieve 270mm length. The tensile 
and flexure specimens were cut to 250mm and 60mm lengths respectively.  
SMA90 couplings were then attached to the one end of each of the two FBG sensors 
embedded in the tensile specimens. This was done by removing 50mm of protective 
tubing from the end of the sensor and stripping the cladding from that length. The 
stripped end was then cleaved using the fiber optic cleaver. The end was successively 
cleaned using a glass cleaning wipe. 
The SMA90 couplings were prepared in much the same way. 50mm of the protective 
yellow plastic tubing was stripped using the sensor strippers, and the insulation was 
also trimmed back. The inner white protective tubing was also stripped a segment at a 
time to prevent the too much force being applied to the coupling. Once completed, the 
coupling end was cleaved and then cleaned using the glass wipe. 
The cuts of both the sensor end and the coupling end were checked on the splicing 
machine, and then connected using the splicing machine. The lengths of the sensors 
were then carefully and neatly rolled so that no tangling or breakage of the spliced 
sections would occur. 
 
Additional step-by-step fabrication stages of this project are provided in Appendix D. 
These Processes include:  
1. Production of composite panel fabrication rack 
2. Preparation of Silicon and FBG sensors 
3. Fabrication of Composite panels  
 8x Tensile Specimens: 4x Biaxial layers, 4x containing defects, 4x nil 
defects (2 with embedded sensors)    
 1x Composite Panel: 2x Biaxial Layers, 2x Uniaxial Layers, 2x defects, 
2x FBG sensors embedded 
4. Cutting of Panels to make test specimens 
Approximate timings for each process are provided, as well as corresponding 
apparatus used to conduct each process.      
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 3.3 Project Assessment    
  3.3.1 Testing and Data Manipulation: Tensile  
   & Flexure Test Specimens 
To portray the difference in strength between composites specimens containing voids 
and specimens without, eight four-layer 0/90ᵒ biaxial tensile specimens (four with 
defects, four without) were fabricated according to section 3.2.2, cut according to 
AS1145.4-2001 and tested to their Ultimate Tensile Strength. Two of the four 
specimens containing nil defects, were embedded with stripped silicon fiber optic 
sensors, in order to determine the breaking-load of the sensors, and to ensure that 
later testing of the Panel Configuration 1 test specimen would not incur breaking of the 
internal FBG sensors. Summaries of the tensile testing results can be viewed in Table 
3.8 and Appendix E, F. A step-by-step overview of the methodology used to conduct 
tensile testing and flexure testing to manipulate data is provided below. 
The tensile testing was conducted in Testworks4 and utilised the 810 MTS hydraulic 
system with a 100KN capacity (Figure 3.26). Initially the thickness and width 
dimensions were taken for all specimens to be tested using Vernier Callipers, and 
recorded (Appendix E, F).  
 
 
Figure 3.26: 810 MTS Hydraulic System 
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Figure 3.27: Vernier Callipers and Test Specimens 
Figure 3.28: Tensile Testing arrangement with extensometer 
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For the tensile testing of Panel Configuration 2 specimens, the dimensions of each 
specimen were inputted into Testworks 4, and one specimen was placed into the grips, 
ensuring that the spacing of the grips provided a gauge length of 150mm (set up 
provided in Figure 3.28). The program was set to test at a speed of 2mm/min which 
was in accordance with AS 1145.4-2001 for class III fiber reinforced specimens and 
specimens were tested to their UTS. All test data for each sample was saved into a 
personal Testworks folder. The process was repeated for each specimen.  
Figures 3.29, 3.30 and 3.31 show some of the damage mechanisms that caused the 
failure of Panel Configuration 2 Tensile specimens during testing. 
 
 
  
Figure 3.29 (Top): Damage 
mechanism of Panel 
Configuration 2 specimen with 
defect: Delamination occurred 
down interface of layers, plus 
traverse cracking. 
 
Figure 3.30 (Left): Damage 
mechanisms observed from 
tensile testing of Panel 
Configurations 2- with nil defect: 
Traverse cracking at central area 
of specimen. 
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It was observed in test specimens containing defects, that delamination was the most 
dominant damage mechanism to occur. It was observed that delamination had 
propagated from the area of the defect and between ply interfaces, and where traverse 
cracking had occurred delamination had recommenced down the interface of an 
adjacent layer. Some delamination was also noticed in some Panel Configuration 1 
specimens, between ply layers.  
Traverse cracking was more common in the specimens that did not include defects, and 
most tensile specimens ruptured at the centre of the specimen. Some breakage also 
occurred at the tab area, assumed to be due to pressure exerted by the grips. 
The Young’s Modulus for the specimens was calculated (Calculation 2) using the 
average values from tensile testing in Appendix F. A comparison of values obtained 
from literature (Khelifa, 2007) and values calculated from testing figures are tabulated 
in Table 3.4. 
For Panel Configuration 2 tensile test specimens with nil defects  (2) 
 
𝐸 =  
𝜎𝑢𝑙𝑡
𝜀
 
 
𝐸 =  
𝐹𝑝𝑒𝑎𝑘 𝐴 
∆𝐿 𝐿𝑜 
 
 
𝐸 =  
14362𝑁 69𝑚𝑚2 
3.733𝑚𝑚 250𝑚𝑚 
 
 
𝐸 =  13.9𝐺𝑃𝑎 
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Table 3.4: Comparison of material properties from NDT methods and from literature 
for Panel Configuration 2 tensile specimens 
Property Value 
 Literature Experimental 
E1,2 11.04GPa 13.9GPa 
UTS 110MPa 208MPa 
ν 0.32 - 
G 1.57GPa - 
 
The difference in material properties between that obtained from experimentation and 
that obtained from literature could attributed to the differences in fabrication of each 
panel configuration. Effects such a process, control over fiber/matrix volume, curing 
temperature and resin flow are some factors that may have contributed to this 
difference. 
During the testing of the two Panel Configuration 2 tensile specimens embedded with 
sensors, an infra red laser was connected to each coupling and the opposite end of the 
sensor was viewed, indirectly, to determine at which load the sensors would break 
(Figure 3.31). It was found that the sensors were able to survive up to the UTS of each 
sensor, exceeding loadings up to 16KN (Figure 3.32). These results can be viewed in 
Appendix F. 
 
Figure 3.31 (Left): Testing arrangement of tensile specimens embedded with sensors 
Figure3.32 (right): Intact and Functioning sensors after failure of test specimens 
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Three tensile specimens and five flexure specimens were also cut and tested according 
to AS1145.4-2001 and ISO14125:1998, from remaining material of Panel Configuration 
1, to contrast results obtained from Panel Configuration 2 Tensile specimens, in 
addition to determining the tensile and flexural material properties. The average 
Material properties of Panel Configuration 1 specimens achieved from tensile and 
flexural testing can be viewed in Table 3.5 and Table 3.6 respectively, as well as 
Appendix G and H. 
The tensile and flexural testing of Panel Configuration 1 specimens was also conducted 
in Testworks4 and utilised the 810 MTS hydraulic system with a 100KN capacity.  
Again, the thickness and width dimensions were taken for all specimens to be tested 
using Vernier Callipers, and recorded (Appendix G and H). For the tensile testing of 
Panel Configuration 1 specimens, the dimensions of each specimen were inputted into 
Testworks 4, and one specimen was placed into the grips to provide a gauge length of 
150mm (Figure 3.31). The program was then selected to continue and testing 
occurred at 2mm/min, until the specimen broke. Data for the sample was saved into a 
personal Testworks folder. The process was repeated for each specimen. The average 
peak Load was found to be 22246N.  A comparison of values obtained from literature 
(Khelifa, 2007) and material property values from testing figures (Appendix G) are 
tabulated in Table 3.5. Comparisons of values obtained from both Panel Configuration 
tensile test specimens are also tabulated (Table 3.6). 
 
 
  
Table 3.5: Comparison of material properties from NDT methods and from 
literature for Panel Configuration 1 tensile specimens 
Property Value 
 Literature Experimental 
E1,2 18.04GPa 17.1GPa 
UTS 110MPa 323.9MPa 
ν 0.32 0.209 
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For the flexure tests, specimens were placed into 4 point bending and tested according 
to ISO 14125:1998 method B, which is a standard based on ISO 178 but customised for 
fiber-reinforced plastic composites. 
The testing was conducted in Testworks 4, and conducted at 2mm/min; a 
recommended test speed according to ISO14125:1998. Loading was increased until 
failure which occurred at an averaged peak stress of 142.255MPa. Results from testing 
are recorded in Table 3.7 and Appendix H. Theoretical results obtained from ASM 
Handbooks Online. 
It is evident from resulting figures in Table 3.9 that the capacity of the configuration in 
traverse loading is much less than that in tensile loading. This provides emphasis of 
that stated by Barbero (1999) in chapter 2. 
 
Table 3.7: Comparison of material properties from NDT methods and from 
literature for Panel Configuration 1 flexure specimens 
Property Value 
 Theoretical Experimental 
Ebend 15GPa 5.172GPa 
σf, ut 205MPa 142.25MPa 
 
 
Table 3.6: Comparison of Tensile Strength of specimens containing defect and 
specimens containing nil defects 
Panel Configuration 1 Average Area 
(mm2) 
Av. Break Load 
(N) 
Av. Break Stress 
(MPa) 
Tensile Specimen w/ nil 
defect 
68.87 22246 323.94 
Panel Configuration 2    
Tensile Specimen w/ nil 
defect 
69 14362 210.12 
Tensile Specimen w/ 
defect 
69 12036 154.49 
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Table 3.8: Tensile Test results for Panel Configuration 1 tensile specimens & corresponding material Properties 
Specimen # Thickness1 
mm 
Thickness2 
mm 
Thickness3 
mm 
Width 1 
mm 
Width 2 
mm 
Width 3 
mm 
Avg Thick 
mm 
Avg Width 
mm 
Area 
mm^2 
1 2.72    2.71    2.77    25.15    25.16    25.18    2.73    25.16    68.78    
2 2.81    2.71    2.63    24.97    24.96    24.95    2.72    24.96    67.81    
3 2.89    2.82    2.71    24.92    24.97    24.96    2.81    24.95    70.03    
Mean 2.81 2.75 2.70 25.01 25.03 25.03 2.75 25.02 68.87 
Std Dev 0.09 0.06 0.07 0.12 0.11 0.13 0.05 0.12 1.11 
          
Specimen # Peak Load 
N 
Peak Stress 
MPa 
Modulus of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1 22627    328.98    16037    0.186         
2 27622    407.36    17545    0.220         
3 16490    235.48    17719    0.221         
Mean 22246 323.94 17101 0.209      
Std Dev 5576 86.05 925 0.020      
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Table 3.9: Results from Flexure Tests & Flexural Modulus 
Specimen # Thickness 1 
mm 
Thickness 2 
mm 
Thickness 3 
mm 
Width 1 
mm 
Width 2 
mm 
Width 3 
mm 
Average 
Thickness 
mm 
Average 
Width 
mm 
Flexural 
Modulus 
MPa 
1 2.74    2.73    2.74    15.21    15.23    15.23    2.59    14.94    5517    
2 2.74    2.73    2.74    15.21    15.23    15.23    2.78    15.16    5498    
3 2.74    2.73    2.74    15.21    15.23    15.23    2.99    15.25    3951    
4 2.74    2.73    2.74    15.21    15.23    15.23    2.65    15.27    4931    
5 2.74    2.73    2.74    15.21    15.23    15.23    2.74    15.22    5960    
Mean 2.74 2.73 2.74 15.21 15.23 15.23 2.75 15.17 5172 
Std Dev 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.14 774 
Specimen # Yield – 
Elongation 
mm 
Yield - 
Strain 
% 
Yield - Load 
N 
Yield - 
Stress 
MPa 
Peak – 
Elongation 
mm 
Peak - 
Strain 
% 
Peak - 
Load 
N 
Peak - 
Stress  
MPa 
Break – 
Elongation 
mm 
1 7.24    3.13    171    153.63    7.35    3.17    171.2    153.79    7.39    
2 0.00    0.00    7    5.14    6.52    3.03    161.1    123.46    6.79    
3 4.83    2.41    141    92.89    11.40    5.69    207.1    136.46    11.56    
4 0.04    0.02    6    4.78    7.03    3.11    144.0    120.54    7.09    
5 2.40    1.10    87    68.90    7.28    3.32    224.3    177.02    7.34    
Mean 2.90 1.33 82 65.07 7.92 3.66 181.5 142.25 8.03 
Std Dev 3.14 1.41 76 62.97 1.98 1.14 33.2 23.45 1.98 
Specimen # Break - 
Strain 
% 
Break - 
Load 
N 
Break - 
Stress 
MPa 
      
1 3.19    163    146.40          
2 3.15    154    118.31          
3 5.77    200    132.03          
4 3.14    142    118.86          
5 3.35    212    167.48          
Mean 3.72 174 136.62       
Std Dev 1.15 30 20.73       
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 3.3.2 Testing and Data Manipulation– Panel Configuration 1  
  Test Specimen 
A second ANSYS Analysis of the test specimen was performed using the material 
property data obtained from tensile tests conducted on Panel Configuration 1 tensile 
specimens, and an altered thickness dimension (from 2mm to 2.75mm) according to 
the fabricated product. The thickness of the defect was also altered to a quarter of the 
total thickness of the panel. 
 The analysis was re-done in order to obtain figures for maximum strain for the test 
specimen, loaded from 0-5KN at increments of 1KN (Figure 3.34, 3.35, 3.36 and 3.37). 
The analysis also allowed for the maximum and minimum stress values incurred within 
the panel during loading to be obtained. The ANSYS simulation of the panel provided a 
basis for comparing data as well as an indication of the stress and strain to be detected 
from the embedded FBG sensors.  
The maximum strain incurred at 5KN loading was determined from the simulation to 
be 6.14× 10−4mm/mm in the axial direction (Figure 3.33).  
 
 
 
 
 
Figure 3.33: Strain gradient at 5KN Loading. Maximum strain = 6.14× 10−4mm/mm which is 
located at the vicinity of the defects. 
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Figure 3.34 (Top-left): Strain gradient at 1KN Loading.  Figure 3.35 (Top-Right): Strain gradient at 2KN Loading. 
Figure 3.36 (Bottom-left): Strain gradient at 3KN Loading.  Figure 3.37 (Bottom-right): Strain gradient at 4KN Loading. 
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Table 3.10 lists the maximum and minimum axial strains for each loading. The axial 
strain range incurred by sensor 1 (layer one – over defects) and sensor 2 (layer 2 – 
adjacent to defects) are also listed. 
Table 3.11 lists the maximum and minimum axial strains for each loading. The stress 
range incurred by sensor 1 and sensor 2 are also listed.  
These values were obtained by matching the gradients on the modelled specimens with 
the coloured legend representing stress/strain intensities and corresponding values 
calculated by the program simulation. 
 
Table 3.10: Maximum and minimum strain for ANSYS FEA simulations 1-5KN tensile 
loading 
Load Strain 
(mm/mm) 
Sensor 1 Strain range 
(mm/mm) 
Sensor 2 Strain range 
(mm/mm) 
(KN) Max. Min Max. Min. Max. Min. 
1 1.23E-04 5.55E-05 1.23E-04 8.54E-05 1.15E-04 8.54E-05 
2 2.50E-04 1.11E-04 2.50E-04 1.71E-04 2.31E-04 1.71E-04 
3 3.68E-04 1.67E-04 3.68E-04 2.56E-04 3.46E-04 2.56E-04 
4 4.91E-04 2.22E-04 4.91E-04 3.42E-04 4.61E-04 3.42E-04 
5 6.14E-04 2.78E-04 6.14E-04 4.27E-04 5.77E-04 4.27E-04 
 
Table 3.11: Maximum and minimum stress values for ANSYS FEA simulation 1-5KN 
tensile loading 
Load Stress (MPa) Sensor 1 Stress 
Range (MPa) 
Sensor 2 Stress 
Range (MPa) 
(KN) Max. Min. Max. Min. Max. Min. 
1 2.1045 0.8859 2.1045 1.4275 1.9691 1.4275 
2 4.2090 1.7718 4.2090 2.8550 3.9382 2.8550 
3 6.3136 2.6578 6.3136 4.2826 5.9074 4.2826 
4 8.4181 3.5437 8.4181 5.7101 7.8765 5.7101 
5 10.523 4.4296 10.523 7.1376 9.8456 7.1376 
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To conduct initial tensile testing on the Panel Configuration 1 test specimen, the 
specimen was loaded into the 810MTS and placed between the grips so that the gauge 
length was 150mm (Figure 3.38). The SMA couplings were connected to the portable 
OSA which in turn was connected to a power supply and Laptop computer (Figure 
3.39). 
The extensometer was attached to the test specimen and configured on Testworks 4. 
The data for the spectrum at nil loading was recorded prior to any testing using the 
Micron Optics 125 Optical Sensing interrogator and the associated Ethernet Remote 
Utility sm125 program, version 1.04. The initial Bragg wavelength of sensor 2 (red 
spectrum), located adjacent to the defects in layer 2 was found to be 1539.275nm and 
1539.312nm, whereas sensor 2 (Blue Spectrum), located in the first layer above the 
defect was found to have an initial Bragg wavelength of 1539.1nm.  
As mentioned in Chapter 2, strain change is monitored by tracking the position of the 
highest reflected peak. The two initial peaks would therefore have to be monitored 
throughout the duration of testing in order to monitor any occurrence of ‘wavelength 
hopping’ when additional loading is applied to the specimen.  
Using the material properties found from the testing of the Panel Configuration 1 
tensile specimens, the tensile loads at which to test the specimen were calculated by 
determining the UTS and applying only a fraction of that stress to ensure the specimen 
would not break (Calculation 3). The minimum area of the specimen was used (area of 
defects), to ensure that the size and effect of the defect was taken into account to 
ensure that the testing loads would not exceed the UTS. 
For tensile loading of Panel Configuration 1 test specimen: 
Recall from tensile specimen testing: UTS=323.94MPa   (3) 
 
𝜎𝑢𝑡 =  
𝐹𝑚𝑎𝑥
𝐴
 
 
𝐹𝑚𝑎𝑥  =  𝜎𝑢𝑡  × A 
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𝐹𝑚𝑎𝑥  =  323.94𝑀𝑃𝑎 ×   110𝑚𝑚 × 2.75𝑚𝑚 −  15𝑚𝑚 ×  0.25 × 2.75𝑚𝑚    
 
𝐹𝑚𝑎𝑥  =  94.6𝐾𝑁 
 
The maximum force that can be applied during tensile testing to the test specimen was 
calculated to be 94.6KN, yet as the tensile strength of the Optical fiber was only tested 
to loads up to 14.3KN, tensile loading would be kept to this maximum. 
With this in mind it was decided that loading would be conducted at increments of 1KN 
loadings from 0-5KN, as this was sufficient force to encourage a change in strain within 
the specimen, without compromising the integrity of the sensor. 
After the application of each load, the testing was paused while all text and media data 
were stored in separate folders. Reflected spectral data for each loading can be viewed 
in Figure 4.2. 
 
 
 Figure 3.38: Set up used for the tensile loading of the Panel Configuration 1 test specimen. 
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Four point bending was also applied to the test specimen to investigate the response of 
the FBG to flexural loading. The test utilised Testworks 4 and the 810 MTS. The 
arrangement of the four point loading fixture was completed according to 
ISO14125:1998 can be seen in Figure 3.40. It should be noted for later analyses that 
the arrangement put the bottom half of Panel configuration 1 (containing the sensors) 
into tension, and the top half into compression – as the panel is flipped so that the 
sensors were facing downwards. 
Using the material properties found from the flexural testing of Panel Configuration 1 
flexural test specimens, the flexural point loads at which to test the specimen were 
calculated by determining the σf, maximum, and applying only a fraction of that stress to 
ensure the specimen would not break (Calculation 4). Again, the minimum area of the 
specimen was used (area of defects), to ensure that the size and effect of the defect was 
taken into account to ensure that the testing loads would not exceed the UTS. 
 
 
 
Figure 3.39: Diagram of Configuration used for manipulation of FBG Data 
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For flexural loading of Panel Configuration 1 test specimen: 
Recall from flexural specimen testing: 𝜎𝑓 , maximum =142.25MPa  (4) 
 
σf =  
𝐹𝑚𝑎𝑥
𝐴
 
 
𝐹𝑚𝑎𝑥  =  
σf × b × h2
𝐿
 
𝐹𝑚𝑎𝑥  =  
142.25MPa × 110mm ×  2.75𝑚𝑚− 0.25 × 2.75 2
200𝑚𝑚
 
 
𝐹𝑚𝑎𝑥  =  332.81𝑁 
 
The maximum force that could be applied during flexural testing was calculated to be 
332.81N, and taking this into consideration it was decided that loading would be 
conducted at increments of 10N loadings from 0-50N. One fifth of the ultimate strength 
was deemed as this sufficient force to encourage a change in strain within the specimen 
during flexure, without compromising the integrity of the sensor, especially as the 
optical sensor had not be tested to its flexural limits. 
After the application of each load, the testing was paused while all text and media data 
were stored in separate folders. Reflected spectral data for each loading can be viewed 
in Figure 4.6. 
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Figure 3.40: Arrangement for Four Point 
Bending of Panel Configuration 1 Test 
Specimen. 
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CHAPTER FOUR - RESULTS 
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 4.1 Analysis of Panel Configuration 1 FBG reflected  
  spectrum: Tensile Data 
Post testing, collected FBG .txt data for each loading was inputted into Microsoft Excel 
and Matlab.  
For the tensile data, all figures representing the Bragg Wavelength range were 
tabulated in Matlab under [A],[A1],[A2],[A3],[A4],[A5] for loadings from 0-5KN 
respectively. The same was done for the peak intensities of both sensor 1 and 2, where 
sensor 1 was represented by [B],[B1],[B2],[B3],[B4],[B5] for loadings from 0-5KN, and 
sensor 2 was represented by [C],[C1],[C2],[C3],[C4],[C5] for loading from 0-5KN, both 
in ascending order. 
In the Matlab Program, the peak intensities of both sensors were found for each 
loading by finding the maximum values using the Matlab script in Appendix I. For the 
Tensile Data the maximum peak values for sensor 1 and 2 are as per Table 4.1. 
 
Table 4.1: Peak Intensities of FBG reflected spectra for Sensor 1 & 2: Tensile Loading 
Load (KN) Sensor 1 Peak (dB) Sensor 2 Peak (dB) 
0 B=-20.0700 C=-18.6800 
1 B1=-20.0900 C1=-18.8100 
2 B2=-20.1300 C2=-19.3000 
3 B3=-20.1900 C3=-19.5300 
4 B4=-20.3400 C4=-19.3100 
5 B5=-20.2400 C5=-19.2600 
 
 
By determining the peak intensity values for each sensor post loading, the 
corresponding Bragg wavelength values were able to be found implementing 
Excel>Find. The corresponding Bragg wavelengths of post loadings can be found in 
Table 4.2.  
The reflected FBG spectra were plotted in Matlab using script in Appendix I. The script 
involved plotting the Bragg wavelength data against intensity of sensor 1, and against 
sensor 2 for each loading. These results can be viewed in Figure 4.2. 
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In addition to this, all sensor 1 data was subplot on the single graph to emphasise the 
change in FBG reflected spectra. In order to make comparisons with data from sensor 
1, sensor 2 reflected data was subplot adjacent to that of sensor 1 (Figure 4.3). 
On first inspection of the reflected FBG spectral data for 0KN loading, it was evident 
that both peaks were quite narrow yet there existed multipeaks, or chirpings. This, as 
discussed earlier in chapter 2, is attributed to factors that can arise during fabrication. 
From the spectral response it can be interpreted that residual stress accumulation, 
perhaps due to a difference in the material thermal expansion coefficients to the host, 
may have arisen during the fabrication stages of the project. Alternatively, the 
orientation of the fibers in adjacent plies may have caused the chirping due to 
asymmetric loading on the grating. This seems the most likely factor by inspection of 
the spectra as the chirpings occur primarily on the sides of the reflected spectrum. 
From initial inspection, Sensor 1 was found to have two peak intensities of -20.07dB, 
and therefore had two initial Bragg wavelengths of 1539.275nm and 1539.312. As 
strain is determined by the shift in Bragg wavelength, the two peaks would have to be 
monitored during the remainder of testing to monitor any signs of wavelength hopping 
– as discussed earlier in chapter 2. 
The initial Bragg wavelength of sensor 2 was also found using the OSA interrogator and 
data analysing methods in Matlab and Excel. Sensor 2 produced a single initial Bragg 
wavelength with a value of 1539.1nm.  
After the addition of 1KN loading, the Bragg wavelengths for FBG sensor 1 shifted from 
1539.275nm and 1539.312nm to 1539.588nm and 1539.6nm.  Sensor 2 also shifted 
due to the application of strain along the grating, yet the change in Bragg wavelength 
from 1539.1nm to 1539.3nm, was less significant to that of sensor one.  
The bandwidths of the reflected spectra also broadened suggesting the occurrence of 
asymmetric loading along the grating. An example of the supposed asymmetric loading 
is provided in Figure 4.1. 
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The addition of an extra 1KN load brought similar changes in the reflected spectra of 
sensors 1 and 2. The Bragg wavelength of sensors 1 and 2 shifted to 1539.787nm and 
1539.9nm, and 1539.463nm respectively. The lesser magnitude of the two Bragg 
wavelengths of sensor 1 appeared to be decreasing with the application of load to the 
configuration, whereas the higher magnitude Bragg wavelength appeared to be 
increasing. This was observed in Table 4.2 by measuring the change in Bragg 
wavelength for each of the two peaks.  
 
At an application of 3KN to the test specimen, wavelength hopping was experienced, 
changing the two Bragg Wavelengths experienced by sensor 1 into a single Bragg 
wavelength of 1540.175nm. More dominant formations of multiple peaks also formed 
along the reflected spectra, changing the appearance of the each FBGS initial spectrum 
from a single narrow peak with slight lower components (chirpings) down the sides to 
multiple dominant peaks. This is more evident when viewing Figure 4.3 and the 
change in spectral shape of FBGS. 
 
At 4KN, the reflected spectra continued to broaden, and sensor 1 continued to keep a 
single Bragg wavelength of 1540.437nm, and sensor two maintained two Bragg 
Wavelengths of 1539.75nm and 1539.775nm. Multiple peaks along each spectrum also 
Figure 4.1: Example of asymmetric loading along grating length of sensor. Gratings become 
strained and unevenly spaced, thus resulting in the broadening of the spectral bandwidth. 
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became more distinguished. At 5KN, sensor 1 had a Bragg wavelength of 1540.95nm; a 
total change in Bragg wavelength of 1.638nm. Both peaks of sensor 2 spectral data 
increased constantly to give Bragg wavelengths of 1539.975nm and 1539.988nm; 
equating to a total change in Bragg wavelength of 0.888nm. It can be seen that 
significant stress concentration has occurred at Sensor 2, as it has two defined peaks 
with multiple peaks on each.  
 
It was also noticed from the analysis of the reflected spectra that the peak intensities of 
sensor 1 increased with each load until reaching 5KN, and sensor 2 peak intensities 
increased until a loading of 4KN. The fluctuation of the peak intensity from high to low, 
suggests that an interruption may have occurred at the grating length due to the 
existence of delamination, as some of the stress may have been transferred to other 
areas of the specimen, as suggested earlier in Chapter 2. Therefore, as Sensor 2 (in the 
2nd layer of the configuration) incurred the decrease in peak intensity first, it could be 
suggested on first inspection that delamination initiates from this area. Yet, reviewing 
published works in Chapter 2 and monitoring the progress and change in spectral 
shape of the reflected FBG data, the increased broadening and distinguished formation 
of multiple peaks suggest that it is more likely that some matrix cracking initiated from 
the defect in layer two and in turn affected the strain along the grating length of sensor 
2 on account of localised stress concentration. Sensor 2 reflected spectra also produced 
the more observable multiple peaks; supporting the claim of cracking occurring in the 
in the vicinity between FBG 2 and the defects located in layer 2. 
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Figure 4.2 (from top left): Reflected spectra for tensile loading from 0-5KN. The Blue Spectra represents Sensor 1, and the red spectra represents 
sensor 2. As load is applied, spectral output shifts and multipeaks arise. 
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Figure 4.3: Reflected spectra for sensor 1 from 0-5KN Loading (Top subplot), and Reflected Spectra for sensor 2 from 
0-5KN Loading (Bottom subplot). 
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Load (KN) 
Strain (FEA) 
Sensor 1 
  
Delta Strain 
Sensor 1 (FEA) 
Strain (FEA) 
Sensor 2 
  
Delta Strain 
Sensor 2 (FEA) 
 
Maximum 
Extensometer 
Nom. Strain 
near defect 
(mm/mm) 
Extensometer 
Min. Strain 
Away from 
defect 
(mm/mm)   
maximum 
(mm/mm) 
minimum 
(mm/mm)) Maximum 
maximum 
(mm/mm) 
minimum 
(mm/mm)) 
0 
0 0 
0 
0 0 0 0 0 
  
  
  
       
1 
1.23E-04 8.54E-05 
1.23E-04 
1.15E-04 8.54E-05 1.15E-04 2.00E-04 1.93E-04 
  
  
  
       
2 
2.50E-04 1.71E-04 
1.27E-04 
2.31E-04 1.71E-04 1.16E-04 4.00E-04 3.87E-04 
  
  
  
       
3 
3.68E-04 2.56E-04 
1.18E-04 
3.46E-04 2.56E-04 1.15E-04 6.00E-04 5.80E-04 
  
  
  
       
4 
4.91E-04 3.42E-04 
1.23E-04 
4.61E-04 3.42E-04 1.15E-04 8.01E-04 7.73E-04 
  
  
  
       
5 
6.14E-04 4.27E-04 
1.23E-04 
5.77E-04 4.27E-04 1.16E-04 0.001 9.67E-04 
Total 
Delta 
Extension 
  
6.14E-04 
   
 
5.77E-04 
   
Table 4.2: Summary of Bragg wavelength shift for tensile loadings from 0-5KN and recorded FEA and Extensometer strain readings 
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Wavelength (FBG) 
  
Sensor 1 -Blue/over 
crack (λB) 
 nm 
 
Delta λB 
(Sensor 
1) Cumulative 
Theoretical 
Calculated 
Strain 
 
 
mm/mm 
Cumulative 
Theoretical 
Calculated 
Strain 
Wavelength (FBG) 
  
Sensor 2-red/adj to 
crack (λB) 
 
nm 
Delta λB 
(Sensor 
2) Cumulative 
Theoretical 
Calculated 
Strain 
 
 
mm/mm 
Cumulative 
theoretical 
Calculated 
Strain 
mm/mm 
 nm nm mm/mm  nm   nm  
1539.275 1539.312 0 0 0 0 1539.1   0 0 0 0 
 .313  .288   
 
    .2     
 
   
1539.588 1539.6 0.288 0.288 2.36E-04 2.36E-04 1539.3   0.2 0.2 1.64E-04 1.64E-04 
 .199  .3   
 
    .163     
  
 
1539.787 1539.9 0.3 0.588 2.46E-04 4.82E-04 1539.463   0.163 0.363 1.34E-04 2.98E-04 
 .388  .275   
 
    .062  .074   
  
 
1540.175   0.275 0.863 2.25E-04 7.07E-04 1539.525 1539.537 0.074 0.437 6.06E-05 3.59E-04 
 .262     
  
  .225  .238   
  
 
1540.437   0.262 1.125 2.145E-4 9.22E-04 1539.75 1539.775 0.238 0.675 1.95E-04 5.54E-04 
 .513     
  
  .225  .213   
  
 
1540.95   0.513 1.638 4.2E-04 0.0013 1539.975 1539.988 0.213 0.888 1.74E-04 7.27E-04 
  
1.638 
 
0.0013 
  
0.888 
  
7.27E-04 
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  4.1.1 Comparison of Tensile Data 
A summary of the data attained from tensile loading of Panel Configuration 1 test 
specimen from 0-5KN is tabulated in Table 4.2. In the summary a comparison of strain 
values attained from the Finite Element Analysis in ANSYS, the calculated strain 
according to extensometer data and the calculated equivalent strain calculated from 
the reflected FBG spectra can be seen from loadings from 0-5KN in increments of 1KN.  
Equations 6 and 7 were used to determine the stress and strain at areas near to and 
areas away from defects. Extensometer data obtained after the tensile testing of Panel 
Configuration 1 Tensile test specimens was used. As the Tensile Modulus of Elasticity 
was determined earlier to be 17101MPa, and the value of the Loads applied during 
testing and the cross sectional areas of the test specimen  were known, the formula for 
calculating Stress and the formula for calculating the Modulus of Elasticity were 
implemented to determine the expected axial strains (Table 4.3). 
 
𝝈 =
𝑭
𝑨
                                                                   (6) 
 
Where:  𝝈 is the stress at areas with no defects 
  𝝈𝒏𝒐𝒎 is the nominal stress at areas near to defect 
  F is the applied load (0-5KN) 
  A is the cross sectional area of Panel Configuration 1(mm2) 
A(no defect)=hspecimen×bspecimen=302.5mm2 
A(defect)=hspecimen×bspecimen-(0.25×hspecimen×bdefect)=292.2mm2 
 
𝜺 =
𝝈
𝑬
                                                                   (7) 
 
Where:  E is the Tensile Modulus of Elasticity = 17101MPa 
  𝜺 is the axial stain (mm/mm) 
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As the size and shape of the purposely fabricated defects act as stress raisers within the 
Panel Configuration 1 test specimen, a stress intensity factor, Kt, was found using 
Figure 4.4 and the intensified stress at the defects was calculated using Equation 8 
(Juvinall & Marshek, 2006). The maximum and minimum values for stress and strain 
were also calculated at areas near to and areas without defects. For regions near to the 
defects, the cross sectional area of the defect was subtracted from the cross sectional 
area of the specimen. The use of this nominal area was a feasible assumption as the 
mechanical properties of the purposely fabricated defects were unknown, as well as 
the possibility that perfect adhesion had occurred.  The calculated ranges of stress and 
strain within the test specimen are recorded in Table 4.3. 
 
𝝈𝒎𝒂𝒙 =  𝑲𝒕 ×  𝝈𝒏𝒐𝒎      (8) 
 
 
 
 
From Figure 4.4, the corresponding theoretical stress intensity factor, Kt, was found 
using the proportions of the defect with respect to the panel.  Kt was found to be 
Figure 4.4: Theoretical Stress intensity factor (Juvinall & Marshek, 2006) 
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approximately 2.6 using the unloaded hole curve. The values of maximum stress at the 
defect are recorded in Table 4.3 for loadings 0-5KN. 
It is to be emphasised that the stress intensity factor is only theoretical and may not 
cause as much as much additional damage as indicated by the theoretical factor (Juvinall 
& Marshek, 2006), as was included for the sole purpose of emphasising that defect 
propagation is more likely to occur at these areas.  
 
Table 4.3: Calculated maximum and minimum stress and strain values from 
extensometer data 
 Stress  
(MPa) 
Nominal 
Stress (MPa) 
Max. 
Stress 
Strain 
(mm/mm) 
Strain 
(mm/mm) 
Loading  
(KN) 
No Defect  
(A=302.5mm2) 
 
Near Defect 
 (A=292.2mm2)  
(MPa) 
At defect 
No Defect  
(A=302.5 
mm2) 
 
Defect 
(A=292.2mm2) 
0 0 0 0 0 0 
1 3.306 3.422 8.897 1.933E-04 2.001E-04 
2 6.612 6.845 17.797 3.866E-04 4.002E-04 
3 9.917 10.267 26.694 5.799E-04 6.004E-04 
4 13.223 13.689 35.591 7.732E-04 8.005E-04 
5 16.529 17.112 44.491 9.665E-04 0.001 
 
 
Next, the strain detected by the FBG sensors was calculated using Equation 5. For 
calculations, it was assumed that the FBG sensor was only influenced by axial strain 
distribution and that the axial strain distribution was equivalent along the length of the 
sensor. It was also assumed the FBGS were perfectly adhered to the fibre-matrix 
configuration. The cumulative change in Bragg wavelength of the sensors, where the 
initial Bragg wavelengths used were 1539.312nm and 1539.1nm, for sensors 1 and 2 
respectively, were recorded in Table 4.2.   
 
A graphical representation of the data obtained from extensometer calculations (Table 
4.3), ANSYS (Table 3.10, 3.11) and FBG sensors (Table 4.2) was constructed in 
Microsoft Excel, in order to view and make comparisons between strain data (Figure 
4.5). The maximum strain values obtained from the FEA and extensometer calculations 
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were used for the graphing as the strain calculated from FBG data used the maximum 
change in Bragg wavelength; and thus the maximum strain detected by the sensor. 
Therefore to preserve the integrity of the data, equivalent maximum readings were 
used for the comparison.  
 
 
 
 
From the graph, it can be seen that the strain values obtained for FBG sensor 2, FEA 
strain near sensor 2, and FEA strain near sensor 1 are quite similar. Out of these three 
FBG sensor 2 produces slightly larger values which could be attributed to the earlier 
suggested matrix cracking/propagation between the sensor and the defects. 
Figures obtained from extensometer calculations and FBG sensor 1 data aren’t as 
collaborative, however. The difference in extensometer data could be attributed to the 
use of calculated nominal stresses for loadings from 0-5KN. The calculation of nominal 
stress used, as discussed earlier, used the cross section of the specimen minus the cross 
sectional area of the defect. This may not be accurate as the mechanics of the defects 
were unknown, and therefore the area over which the stress acts at each loading may 
be larger than that specified in nominal calculations – thus producing a larger strain. 
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Figure 4.5: Table comparing the strain values obtained from FEA, FBG and extensometer. 
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Also, the difference in data between the ANSYS FE Analyses and calculations made with 
extensometer data could be attributed to slight variances in model dimensions due to 
human error, as well as simulation programming. 
In relation to FBG sensor 1 axial strain results, the difference could be attributed to the 
location of the sensor with respect to the defect. As the defect acts as a stress raiser, 
intensified stress, or as discussed in the previous section – crack propagation, along the 
grating region of the sensor may have attributed to the greater stress data. 
A graphical representation of stress data was also constructed in Microsoft Excel to 
emphasise the amount of stress detected by each source. This can be viewed in Figure 
4.6. It can be seen that data obtained and calculated for regions away from the defect 
are quite similar in comparison with data obtained for regions surrounding the near 
the defect. As mentioned before, discrepancies may have arisen from use of a nominal 
stress used in calculations. As for sensor 1 data, the proximity to the defect and 
suggested defect propagation from this area. 
Residual stresses also have to be taken into account as residual stresses remain after 
the removal of load from an elastic member for both axial and bending applications. 
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Figure 4.6: Table comparing the stress values obtained from FEA, FBG and extensometer. 
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 4.2 Analysis of Panel Configuration FBG reflected  
  spectrum: Flexural data  
Post testing, collected FBG .txt data for each loading was inputted into Microsoft Excel 
and Matlab for Flexural Loading.  
For the flexure data, all figures representing the Bragg Wavelength range where 
tabulated in Matlab under [A],[A1],[A2],[A3],[A4],[A5] for loading from 0-50N 
respectively. The same was done for peak intensities of both sensor 1 and 2, where 
sensor 1 was represented by [B],[B1],[B2],[B3],[B4],[B5] for loadings from 0-50N, and 
sensor 2 was represented by [C],[C1],[C2],[C3],[C4],[C5] also for loading from 0-50N. 
In the Matlab Program, the peak intensities of both sensors were found for each 
loading by finding the maximum values (Appendix J). For the Flexural Data the 
maximum peak values for sensor 1 and 2 are as per Table 4.4. 
 
Table 4.4: Peak Intensities of FBG reflected spectra for Sensor 1 & 2: Flexural Loading 
Load (N) Sensor 1 Peak (dB) Sensor 2 Peak (dB) 
0 -20.0700 -18.6800 
10 -20.0900 -18.6000 
20 -20.1400 -18.5900 
30 -20.1000 -18.6600 
40 -20.1200 -18.6900 
50 -20.1800 -18.7000 
 
By determining the peak intensity values for each sensor after each loading, the 
corresponding Bragg wavelength values were able to be found implementing 
Excel>Find. The Bragg wavelengths of each sensor after each loading can be found in 
Table 4.5.  
The reflected FBG spectra were plotted in Matlab using script in Appendix J. The script 
involved plotting the Bragg wavelength data against intensity of sensor 1, and against 
sensor 2 for each loading. These figures can be viewed in Figure 4.7. 
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In addition to this, all sensor 1 data was subplot on the single graph to emphasise the 
change in FBG reflected spectra. In order to make comparisons with data from sensor 
1, sensor 2 reflected data was subplot adjacent to that of sensor 1 (Figure 4.8). 
Recalling, the reflected FBG spectral data for nil loading produced two narrow peaks 
with chirped components down the sides. Refer to Figure 4.7. From initial inspection, 
Sensor 1 was found to have two peak intensities of -20.07dB, and therefore had two 
initial Bragg wavelengths of 1539.275nm and 1539.312. Sensor 2 produced a single 
Bragg wavelength of 1539.1nm. 
With the application of 10N to the configuration, Sensor 1 experience wavelength 
hopping as the original two spectral peaks became a single spectral peak, slightly 
increasing the Bragg wavelength to 1539.375nm. From inspection of the spectral plots, 
sensor 1 reflected data at 10N loading also showed signs of an additional peak forming, 
suggesting the occurrence of some matrix cracking.  
From analysis of the .txt data, Sensor 2 appeared to have experienced a decrease in 
Bragg wavelength, taking it to a magnitude of 1538.963nm. The shape of the spectrum 
remained fairly constant, apart from a decrease in spectral intensity. 
At 20N loading, sensor 1 experiences wavelength hopping again, with the arrival of 
three Peak intensities; and thus Bragg wavelengths. The second main peak continued 
to become more prominent also. 
Again, sensor 2 continued to maintain a constant shape however experienced negative 
strain (compression), as the Bragg wavelength decreased to a value of 1538.95nm. As 
the sensor was experiencing minimal and negative strain it was suggested that the 
sensor may either be located too close to the neutral axis of the specimen, or may be 
experiencing some compression due to the placement of the sensor with respect to the 
centroid of the specimen. 
For 30N loading, sensor 1 underwent wavelength hopping a third time, changing from 
the three spectral peaks at 20N to a single spectral peak when 30N was applied; and 
increasing the Bragg wavelength to 1539.875nm. Also, a third main peak began to 
develop from the spectra suggesting that local strain concentration at regions along the 
defect were continuing to occur. This was the same for 40N loading. Yet at 50N loading, 
a fourth experience of wavelength hopping took place, developing from a single Bragg 
wavelength to three Bragg wavelengths of magnitudes 1540.175nm, 1540.187nm and 
1540.225nm. The total change in Bragg wavelength came to a total of 0.95nm. 
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Sensor 2 experienced no change in Bragg wavelength from loadings of 20-40N. As 
suggested before, this may be due to the positioning of the sensor with respect to the 
centroid of the specimen, as location at the neutral axis wouldn’t apply any strain to the 
sensor. Also nil change in Bragg wavelength could suggest uneven extensions around 
the sensor, possibly due to imperfect adhesion of the fiber to the panel configuration. 
At 50N sensor 2 underwent another decrease in Bragg wavelength to a value of 
1538.925nm, making a total decrease in Bragg wavelength of -0.175nm.  
Throughout the entire loading process sensor two maintained a fairly constant spectral 
shape. Yet it should be noted that the intensity of sensor 2 spectra from 0-20N loadings 
decreased, until an application of 30N where the spectra began to increase in intensity 
again. Sensor 1 however fluctuated in spectral intensity. From loadings from 0-20N 
spectra increased in intensity, until a loading of 30N where a decrease in spectral 
intensity occurred. For loadings of 40-50N spectral intensity began to increase again. 
The fluctuation of spectral intensity suggests that delamination may have occurred 
around the defected areas. Sensor 1 data is conclusive of this as stress concentrations 
along the grating length caused the formation of multiple peaks to form. 
Slight broadening of sensor 1 spectra and decreases in spectral intensity also suggests 
that some bending effects (similar to that portrayed in Figure 4.1) may have occurred 
along gauge length, for as when the bending load is increased the strain gradient along 
the sensor increases, successively increasing band width and decreasing spectral 
intensity.  
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Figure 4.7 (from top left): Reflected spectra for flexural loading from 0-50N. The green Spectra represent Sensor 1, and the pink spectra 
represents sensor 2. As load is applied, spectral output shifts and multipeaks arise. 
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Figure 4.8: Reflected spectra for sensor 1 from 0-50N Loading (Top subplot), and Reflected Spectra for sensor 2 from 
0-50N Loading (Bottom subplot). 
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Table 4.5: FBG Data for Panel Configuration 1 test specimen: Flexural Loading 0-50N 
Load 
(N) 
Bragg wavelength(FBG) 
  
Sensor 1 -green/over crack (λB) 
  
Delta 
λB 
Sensor 
1(nm) 
 
 
 
  
Cumulative 
Delta λB 
Sensor 1 
nm 
 
Theoretical 
Calculated 
Strain  
mm/mm 
C
u
m
u
lative
 Th
e
o
re
tical 
C
alcu
late
d
 strain
 
(m
m
/m
m
)  
Bragg 
wavelength 
(FBG) 
  
Sensor 2-
pink/adj to 
crack (λB) 
Delta 
λB 
Sensor 
2(nm) 
Cumulative 
Delta λB 
Sensor 2 
nm 
 
Theoretical 
Calculated 
Strain 
mm/mm 
C
u
m
u
lative
 Th
e
o
re
tical 
C
alcu
late
d
 strain
 
(m
m
/m
m
) 
 
    
0 1539.275 1539.312   0 0 0 0 1539.1   0 0 0 0 
   0.1  0.063     
 
    -0.137     
 
   
10 1539.375     0.1 0.1 
8.19E-05 8.19E-
05 1538.963   -0.137 -0.137 -1.12E-04 
-1.12E-
04 
  0.162   0.238 0.287    
 
  
  -0.013     
  
 
20 1539.537 1539.613 1539.662 0.287 0.387 
2.35E-04 3.17E-
04 1538.95   -0.013 -0.15 -1.06E-05 
-2.18E-
04 
   0.338 0.262  0.213    
 
  
  0     
 
   
30 1539.875     0.213 0.6 
1.74E-04 4.90E-
04 1538.95   0 -0.15 0 
-2.18E-
04 
   0.162       
 
  
  0     
 
   
40 1540.037     0.162 0.762 
1.33E-04 6.24E-
04 1538.95   0 -0.15 0 
-2.18E-
04 
   0.138 0.15  0.188    
 
  
  -0.025     
 
   
50 1540.175 1540.187 1540.225 0.188 0.95 
1.54E-04 7.78E-
04 1538.925   -0.025 -0.175 -2.05E-04 
-4.23E-
04 
Total 
Delta 
Strain 
   
0.95 
 
7.78E-04 
 
  
-0.175 
 
-1.4E-04 
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  4.2.1 Comparison of Flexural Data 
A summary of the data attained from Flexural loading of the Panel Configuration 1 test 
specimen from 0-50N is tabulated in Table 4.5. In the summary a comparison of strain 
values attained from the flexural calculations done, utilising data obtained from earlier 
testing of flexural test specimens, is made with the calculated equivalent strain from 
the reflected FBG spectrums from loadings from 0-50N at increments of 10N.  
As the Flexural Modulus of Elasticity was determined earlier to be 5172MPa, and the 
value of the Loads applied during testing and the dimensions of the test specimen were 
known, the Moment of Area (Equation 9) was used to establish the Four point bending 
formula (Equation 10). The flexural stress was then substituted into the Modulus of 
Elasticity Formula (Equation 7) and implemented to determine the expected strains 
(Table 4.6).  
 
 
 
 
Moment of Area for Cross section - Rectangle: 
𝐼 =
𝑏𝑑3
12
                                                              (9) 
 
Figure 4.9: Diagram of Four Point bending Arrangement and associated forces and 
dimensions used for calculation of flexural stress and strain. (Beer et. al, 2004) 
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Flexural Stress: 
𝜎𝑓 =
𝑀𝑐
𝐼
 
Rearranging: 
𝜎𝑓 =
(0.5𝐹 × 𝐿1) × (0.5 × 𝑑)
𝑏𝑑3
12 
 
𝜎𝑓 =
3𝐹𝐿1
𝑏𝑑2
                                                                           (10) 
 
Where:  I=second moment of area 
  b=width of specimen = 110mm 
  d=thickness of specimen = 2.75mm 
  F= Load (0-50N) 
  L1=distance to bending moment = 67.94mm 
 
Again, as the size and shape of the purposely fabricated defects act as stress raisers 
within the Panel Configuration 1 test specimen, a stress intensity factor, Kt, was found 
using Figure 4.10 and the intensified stress at the defects was calculated using 
Equation 11 (Juvinall & Marshek, 2006) for bending applications. The flexural values 
for stress and strain were also calculated. The calculated ranges of stress and strain 
within the test specimen are recorded in Table 4.3. 
As the size and shape of the purposely fabricated defects act as stress raisers within the 
Panel Configuration 1 test specimen, a stress intensity factor, Kt, was found using 
Figure 4.4 and the intensified stress at the defects was calculated using Equation 11 
(Juvinall & Marshek, 2006). The maximum and minimum values for stress and strain 
were also calculated at areas near to and areas without defects. For regions near to the 
defects, the cross sectional area of the defect was subtracted from the cross sectional 
area of the specimen. The use of this nominal area was a feasible assumption as the 
mechanical properties of the purposely fabricated defects were unknown, as well as 
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the possibility that perfect adhesion had occurred.  The calculated ranges of stress and 
strain within the test specimen are recorded in Table 4.6. 
 
𝝈𝒇,𝒎𝒂𝒙 =  𝑲𝒕 ×  𝝈𝒇,𝒏𝒐𝒎      (11) 
 
  
 
 
From Figure 4.10, the corresponding theoretical stress intensity factor, Kt, was found 
using the proportions of the defect with respect to the panel.  Kt was found to be 
approximately 1.7 using the curve for values greater than 2 (>2). The values of 
maximum stress at the defect are recorded in Table 4.6 for loadings 0-50N. 
Again, it is to be emphasised that the stress intensity factor is only theoretical and may 
not cause as much as much additional damage as indicated by the theoretical factor 
(Juvinall & Marshek, 2006), as was included for the sole purpose of emphasising that 
defect propagation is more likely to occur at these areas.  
Equation 5 was used again to calculate the strain detected by the FBG sensors. For 
calculations, it was assumed that the FBG sensor was only influenced by axial strain 
distribution and that the axial strain distribution was equivalent along the length of the 
sensor. It was also assumed the FBGS were perfectly adhered to the fibre-matrix 
Figure 4.10: Theoretical Stress intensity factor (Juvinall & Marshek, 2006) 
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configuration. The cumulative change in Bragg wavelength of the sensors, where the 
initial Bragg wavelengths used were 1539.312nm and 1539.1nm, for sensors 1 and 2 
respectively, were recorded in Table 4.5.   
 
 
Table 4.6: Calculated Maximum Flexural stress and strain for loading of Panel 
Configuration 1 from 0-50N 
Loading 
(N) 
Flexural Strain 
(mm/mm) 
Flexural Stress  
(MPa) 
Maximum Flexural 
Stress (MPa) 
0 0 0 0 
10 4.737E-04 2.450 4.165 
20 9.474E-04 4.900 8.330 
30 0.00140 7.350 12.495 
40 0.00190 9.800 16.660 
50 0.00240 12.251 20.827 
 
 
A graphical representation of the data obtained from the FBG sensors (Table 4.5) and 
calculated flexural data was constructed in Microsoft Excel, in order to view and make 
comparisons between strain data (Figure 4.11). The strain values obtained from 
sensor 1 FBG data and theoretical calculations do not correspond with each other. 
Reasons for this may be due to the placement of sensor 1 within the configuration as 
the flexural strain calculated coincides with that on the surface of the specimen, 
whereas sensor 1 was embedded below the first layer of the configuration. 
Sensor 2 also has inconsistent data in comparison with data obtained from theoretical 
calculation of flexural strain. The data shows negative strain suggesting compression of 
the sensor grating. This effect is also assumed to be due to the placement of sensor 2 
within the panel configuration as discussed in section 4.2. It can also be seen in sensor 
2 strain results that there is no strain change from 20-40N loading. Again, the variance 
in flexural strain data obtained from the testing of Panel configuration 1 is attributed to 
the change in flexural stress around the centroid of the specimen.  
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A graphical representation of stress data was also constructed in Microsoft Excel to 
emphasise the amount of stress detected by the FBG sensors in comparison to the 
calculated flexural stress. This can be viewed in Figure 4.12. 
As can be seen in the figure, sensor 1 produced much more collaborative stress results 
in comparison to the calculated theoretical flexural stress. The stress obtained from 
FBG sensor 1 is slightly higher than that calculated and this could be attributed to 
localised stress concentration which was suggested to have occurred after analysing 
the reflected spectra of FBG sensor 1 in section 4.2. It could also be due to stress 
intensity at the defects due to the sudden change in cross section that they provide. 
For sensor 2, there was an application of negative stress to the sensor and no stress 
change from 20-40N, essentially due to the same reasons of having embedded the 
sensor too close to the centroid of the sensor, or partially on the compression side of 
the test panel configuration. This factor will have to be considered in future work so 
that more consistent results can be obtained. 
Residual stresses also have to be taken into account as residual stresses remain after 
the removal of load from an elastic member for both axial and bending applications. 
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Figure 4.11: Table comparing the strain values obtained from FBG and extensometer calculations. 
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Figure 4.12: Table comparing the stress values obtained from FBG and extensometer. 
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CHAPTER FIVE –CONCLUSION 
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 5.1 Project Conclusion 
Fiber Bragg Grating Sensors operating within the 1539nm IR Region were embedded 
into a 4-ply GFRP test panel configuration with two purposely made defects in order to 
monitor the structural response of the specimen under static loading (Tensile and 4-
point Bending). The Panel configuration consisted of two central layers of 0/90ᵒ biaxial 
and two outer layers of 0ᵒ uniaxial continuous reinforcing fibers and the defects were 
simulated by removing two 15x15mm square sections from layer 2 of the 
configuration.  
FBG sensor 1 was embedded in layer 1; directly above the two defects, whereas FBG 
sensor 2 was embedded in layer 2; adjacent to the two defects. 
The data obtained from the reflected FBG spectra during static testing was converted 
to stress and strain values, and these were compared to stress and strain data obtained 
from a Finite Element Analysis of the Test specimen under equal loading conditions, as 
well as theoretical calculations using material property data of the specimen. 
The strain measurements obtained from reflected FBG data provided sound agreement 
with other strain values, and the change in reflected spectra with each loading 
provided an indication that a stress concentration was present at the grating due to 
matrix cracking that was thought to propagate from areas between sensor 2 and the 
two defects located in layer 2 of the configuration. This spectral pattern was consistent 
with published works discussed in Chapter 2. This data is beneficial as it can assist with 
the location of existing and propagating defects, within a configuration.   
FBG strain data obtained from 4-point bending of the test panel produced some 
inconsistent results. This was thought to be due to the placement of the sensors within 
the panel configuration, with respect to the areas of maximum flexural stress and strain 
values calculated. Another interpretation of data suggested that sensor 2 may not have 
fully adhered to the internal fiber-matrix configuration. With this said, further 
investigations should be undertaken in future work to determine the bond between 
FBG sensors to fiber-matrix configurations. 
Discrepancies with results may have also been attributed to assumptions made with 
nominal dimensions whilst conducting theoretical calculations. Therefore, further 
studies should be conducted to investigate the mechanical properties of simulated 
large internal defects within a fiber-matrix configurations, made to the standard as 
those produced in this study.  Also, with similar studies to be conducted in the future, a 
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second identical test panel configuration should be utilised to reduce any interference 
to results caused by residual stresses. Also this will ensure that any defect propagation 
during the first lot of testing will not invalidate results from the second lot of testing. 
Future work should also include similar investigations utilising various types of 
purposely made defects, as well as multi-sensor embedment. This will allow for more 
accurate monitoring of defect growth, and will allow for different behaviours of 
spectral data to be matched to difference defect situations. Other sensing technologies, 
such as x-rays, should be implemented to verify results obtained in these studies. 
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                                                                                                                                               Appendix A 
University of Southern Queensland 
 
FACULTY OF ENGINEERING AND SURVEYING 
 
ENG4111/4112 RESEARCH PROJECT: 
PROJECT SPECIFICATION 
 
STUDENT:   Allison Coulter 
 
TOPIC:    Use of Fibre-Optic (FBG) Sensors in Structural Health Monitoring 
 
SUPERVISOR:   Dr. Jayantha Epaarachchi  
 
SPONSORHSIP:   University of Southern Queensland, Toowoomba 
 
PROJECT AIM:  This project proposes to investigate the response of embedded 
Fibre Bragg Grating sensors in composite components, 
purposely made with defects. This will be conducted in order to 
inspect the effect of a void in the specimen in accordance with 
the acquired FBG spectrum data that will be obtained through 
sample testing. 
  
PROGRAMME:   
(Issue A, 24/3/09)  
   Preparation;           (March-April) 
1. Meet with supervisor to discuss topic and project 
programme. Also arrange timelines and meeting times. 
2. Receive WH&S induction and workshop/equipment 
inductions. 
3. Do initial research into: 
i. The use of embedded Fibre Bragg Grating FBG 
sensors on damage detection and structural health 
monitoring. 
ii. Isotropic and composite material properties. 
iii. Methods of embedding Sensors. 
iv. Delamination in Composite structures. 
4. Initiate training for: 
i. Composite sample creation 
ii. Preparing and creating Sensors (stripping, cutting 
and splicing) 
iii. Embedding sensors into samples. (Investigate best 
method of embedding sensors) 
[PREPARE PROJECT SEMINAR] 
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Fabrication;                 
(April) 
5. Create composite samples with and without defects.  
6. Create and attach FBG sensors to FBG Spectrum analyser. 
7. Embed FBG sensors into samples. 
[SEMINARS BEGIN WEEK 9] 
Testing;                
(April-May) 
8. Test samples under various loading conditions and 
according to different sizes of delaminations, and acquire 
according spectrum measurements from embedded 
sensors. 
[PROJECT APPRECIATION DUE 24 MAY] 
Analysis;                
(May-June) 
9. Analyse FBG spectrum data. 
10. Conduct computer modelling analysis (FEA) of defected 
sample. 
11. Analyse observed changes in FBG response due to defects 
and defect locations. 
[PROJECT ASSESSMENT DUE 18 JUNE] 
Report;                                    
 (June) 
12. Commence writing dissertation. 
 
 
 
 
AGREED          (student)               
(supervisor)   
 
        Date:     24   /     03    / 2009                      Date:      24   /  03   / 2009 
 
 
Assistant Examiner: 
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Project Negotiation
Safety Induction
Research & Literature 
Review
Design & Manufacture
ANSYS Analysis
Introduction Seminar 
Sample Testing
Project Appreciation
Project Seminar
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University of Southern Queensland                                                                                                                                                                                                                 Appendix C 
Risk Management Plan 
http://www.usq.edu.au/hr/healthsafe/safetyproc/whsmanual/whsmanr1.htm 
 
Date:  
April, 2009 
 
 
Faculty/Dept:  
FACULTY of ENGINEERING AND 
SURVEYING (FoES)  
 
 
Assessment completed by: 
Allison Kerrie-Anne Coulter 
 
 
Contact No: 
0404870118 
What is the task? 
Fabrication of Fiber Reinforced Composite Panel with purposely made defects, 
embedded with fiber optic sensors 
Location where task is being conducted: 
P2 Building USQ - CEEFC Workshop 
Why is the task being conducted? 
Requirement of Final Year Research Project 
What are the nominal conditions? 
 
Personnel 
 
1x Operator 
Equipment 
 
Scissors 
Roller 
Workbench 
Work Rack 
Glass plate 
4 x Layers 0-90 
Epoxy/Hardener Mix. 
Fiber Optic Sensors 
 
Environment 
 
Workshop 
Other 
 
PPE to be used when in workshop 
Briefly explain the procedure for this task (incl. Ref to other procedures) 
 
Cut 0-90 Woven Cloth, Create defect in second layer, Embed Sensor into second and first layers and Fabricate Fiber Reinforced Panel from four layers of 0-90 Biaxial and 
Uniaxial and Epoxy Resin. 
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Risk Register and Analysis 
[ALARP = As Low As Reasonably Practicable]  
 
Element or Sub 
Element/ Process 
Step 
 
The Risk: 
What can happen and 
what will be the result 
 
 
 
EXISTING CONTROLS 
 
Risk Rating 
with existing 
controls? 
(See next 
page)  
Is it 
ALARP? 
Yes/No 
 
ADDITIONAL 
CONTROLS 
REQUIRED 
 
 
Risk Rating 
with 
additional 
controls? 
Is it 
ALARP? 
Yes/No 
Risk Decision: 
Recommended 
Action? 
List major steps or 
tasks in process  
Electric shock 
Eye infection 
Fire / explosion 
Physical injury 
Cut / graze 
Chemical burn 
List all current controls that are already in 
place or that will be used to undertake the 
task  
List of Personal Protective   
         Equipment (PPE) 
Identify types facility, location 
Existing safety measurers 
Existing emergency procedures C
o
n
se
q
u
en
ce
s 
Li
ke
lih
o
o
d
 
R
at
in
g 
Additional controls may be required to 
reduce risk rating  
Greater containment (PC2) 
Additional PPE – gloves, safety     
                                    glasses 
Specific induction / training  
C
o
n
se
q
u
en
ce
s 
Li
ke
lih
o
o
d
 
R
at
in
g 
Cutting 
0-90 Woven 
Cloth 
Cut 
 
PPE: Gloves, eye protection,  
         Overalls. 
Induction Training 
1 D L Yes - - - - - L 
Mixing, 
measuring and 
handling 
Epoxy + 
Hardener 
Chemical Burn 
(corrosive substance) 
PPE: Gloves, eye protection,  
         Overalls. 
Induction Training 
2 C M Yes - - - - - L 
Cutting/Machi
ning 
Specimens  
On Bandsaw 
and grinder 
Cut, Physical Injury – 
body parts, eyes, 
affected hearing, 
breathing Problems 
PPE: Hearing protection, eye 
protection, face mask 
Induction Training 
Safety Barriers on machines 
3 C H Yes - - - - - L 
Infra Red Laser 
Use for 
checking of 
sensors 
(exposure 
IR<50mW) 
Physical Injury to 
eyes 
Induction training 3 C M Yes Additional PPE – use special 
laser safety/darkened glasses 
3 D M Yes L 
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Guidance Notes for review of Controls and Risk Management Plan. 
 
When monitoring the effectiveness of control measures, it may be helpful to ask the following questions:  
 • Have the chosen control measures been implemented as planned?  
 - Are the chosen control measures in place?  
 - Are the measures being used?  
 - Are the measures being used correctly?  
 • Are the chosen control measures working?  
 - Have any the changes made to manage exposure to the assessed risks resulted in what was intended?  
 - Has exposure to the assessed risks been eliminated or adequately reduced?  
 • Are there any new problems?  
 - Have the implemented control measures introduced any new problems?  
 - Have the implemented control measures resulted in the worsening of any existing problems?  
 
To answer these questions:  
 • consult with workers, supervisors and health and safety representatives;  
 • measure people’s exposure (e.g. taking noise measurements in the case of isolation of a noise source);  
 • consult and monitor incident reports; and  
 • review safety committee meeting minutes where possible.  
 
Set a date for the review of the risk management process. When reviewing, check if:  
 • the process that is currently in place is still valid;  
 • things have changed that could make the operating processes or system outdated;  
 • technological or other changes have affected the current workplace; and  
 • a different system should be used altogether.  
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Note: In estimating the level of risk, initially estimate the risk with existing 
controls and then review risk controls if risk level arising from the risks is not 
minimal 
 
TABLE 1 - CONSEQUENCE 
Level Descriptor Examples of Description 
1 Insignificant No/very minor injuries. Minor delays. Little financial loss. $0 - $4,999* 
2 Minor First aid required. Small spill/gas release easily contained within work area. 
Nil environmental impact.  
Financial loss $5,000 - $49,999* 
3 Moderate Medical treatment required. Large spill/gas release contained on campus 
with help of emergency services. Nil environmental impact.  
Financial loss $50,000 - $99,999* 
4 Major Extensive or multiple injuries. Hospitalisation required. Permanent severe 
health effects. Spill/gas release spreads outside campus area. Minimal 
environmental impact. 
Financial loss $100,000 - $250,000* 
5 Catastrophic Death of one or more people. Toxic substance or toxic gas release spreads 
outside campus area. Release of genetically modified organism (s) (GMO). 
Major environmental impact. 
Financial loss greater than $250,000* 
* Financial loss includes direct costs eg workers compensation and property damage and indirect 
costs, eg impact of loss of research data and accident investigation time. 
 
 
Table 2 - Probability 
Level Descriptor Examples of Description 
A Almost certain The event is expected to occur in most circumstances. Common or repetitive 
occurrence at USQ. Constant exposure to hazard. Very high probability of 
damage. 
B Likely The event will probably occur in most circumstances. Known history of 
occurrence at USQ. Frequent exposure to hazard. High probability of 
damage.  
C Possible The event could occur at some time. History of single occurrence at USQ. 
Regular or occasional exposure to hazard. Moderate probability of damage.  
D Unlikely The event is not likely to occur. Known occurrence in industry. Infrequent 
exposure to hazard. Low probability of damage. 
E Rare The event may occur only in exceptional circumstances. No reported 
occurrence globally. Rare exposure to hazard. Very low probability of 
damage. Requires multiple system failures. 
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Table 3 – Risk Rating 
Probability Consequence 
Insignificant 
1 
 
Minor 
2 
 
Moderate 
3 
Major 
4 
Catastrophic 
5 
A (Almost  certain)  M  H E E E 
B (Likely) M H H E E 
C (Possible) L M H H H 
D (Unlikely) L L M M M 
E  (Rare) L L L L L 
 
Recommended Action Guide: 
 
Abbrev Action 
Level 
Descriptor 
E Extreme The proposed task or process activity MUST NOT proceed until the supervisor 
has reviewed the task or process design and risk controls. They must take steps 
to firstly eliminate the risk and if this is not possible to introduce measures to 
control the risk by reducing the level of risk to the lowest level achievable. In the 
case of an existing hazard that is identified, controls must be put in place 
immediately. 
 
H High Urgent action is required to eliminate or reduce the foreseeable risk arising 
from the task or process. The supervisor must be made aware of the hazard. 
However, the supervisor may give special permission for staff to undertake 
some high risk activities provided that system of work is clearly documented, 
specific training has been given in the required procedure and an adequate 
review of the task and risk controls has been undertaken. This includes 
providing risk controls identified in Legislation, Australian Standards, Codes of 
Practice etc.* A detailed Standard Operating Procedure is required. * and 
monitoring of its implementation must occur to check the risk level 
 
M Moderate Action to eliminate or reduce the risk is required within a specified period. The 
supervisor should approve all moderate risk task or process activities. A 
Standard Operating Procedure or Safe Work Method statement is required 
 
L Low Manage by routine procedures.  
 
*Note: These regulatory documents identify specific requirements/controls that must be implemented to 
reduce the risk of an individual undertaking the task to a level that the regulatory body identifies as being 
acceptable. 
 
  
Use of FBG Sensors in Structural Health Monitoring 108 
 
   
Appendix D 
Research Project 
 
PRODUCTION WORK INSTRUCTION 
 
UNIVERSITY OF SOUTHERN QUEENSLAND 
FACULTY OF ENGINEERING AND SURVEYING 
 
 
Student Name:                              Allison Coulter 
 
Student Number:                          0050056557 
 
Date:                                                May, 2009 
 
Location:                                         Campus Building P2 – CEEFC Workshop 
 
 
Project Name:                               Use of Fiber Bragg Grating Sensors in Structural Health 
Monitoring 
 
 
 
Work Instructions:                       -Preparations of Dummy Sensors & FBG Sensors 
                                                         -Cutting of Specimens 
                                                         -Manufacture of 0-90 Biaxial/Uniaxial w/ defects 
                                                           & embedded sensors. 
                                                         -Construction of Production Rack 
 
 
 
Related Drawings:                       Panel Fabrication rack 
                                                         
 
 
 
AUTHORISATION: 
 
Name    _____________           Position______________             Signature_______________                                      
Date      _____________ 
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Research Project 
 
PRODUCTION WORK INSTRUCTION 
 
UNIVERSITY OF SOUTHERN QUEENSLAND 
FACULTY OF ENGINEERING AND SURVEYING 
 
Introduction. 
This production work instruction covers the manufacture of: 
 Three (3) Dummy Fiber Optic Sensors 
 One (2), four (4)layer composite/epoxy panel  
 One (1), production rack to be used during the manufacture of fiber glass panel 
 Cutting of panels into test specimens 
 
FOR FABRICATION OF FIBER COMPOSITE PANELS 1 & 2 
Required 
Materials: 
 
Type: Manufacturer: Amount: 
Resin Epoxy  100parts (1.1x mass glass 
cloth) 
Hardener   25parts 
Fiber Glass 
Cloth 
0-90 Biaxial 
0 Uniaxial 
Colan 
Australia 
(2x) 300x300mm 
(2x) 300x300mm 
Cloth Satin  (2x) 300x300mm 
Paper Baking paper (Teflon) Glad (4x3x) 15x25mm 
(2x3x) 15x15mm 
Equipment: 
 
Type/Use Amount/Size: 
Safety glasses, Ear Plugs, Mask, Overalls, 
Gloves 
PPE 1 (of each) 
Tape Measure Measure 1 
Roller Roll 1 
Ice-Cream Container Hold Epoxy/ 
mixing 
2 
Marking Pen Marking 
Dimensions 
1 
Rags For wax 2 
Scraper For wax 1 
Scissors Cutting 0-90 1 
Wax Lubricate 25g 
Acetone Cleaning 200ml 
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Glass Plate Work base 500x500mm 
Scales Weigh 0-90, 
Uni 
1 
FOR PREPARATION OF FIBER OPTIC SENSORS 
Required 
Materials: 
 
Type: Manufacturer: Amount: 
Fiber Optic 
Sensors 
Silicon (839nm) 
1539nm FBG (125μm 
core, grating length: 5mm) 
 2x1m 
2 
Plastic Tubing   4 x 1m 
Sensor Coupling E2000 
SMA90 
 2 
2 
Equipment: 
 
Type/Use Amount/Size: 
Fiber Optic Cover Stripper Stripping 
sensor 
1 
V2000 Splicing Machine Splicing 1 
Fiber Optic Cutter Cutting 1 
Glass cleaner wipes Cleaning 
sensor 
2 
Infra Red Laser Shine light 1 
FOR FABRICATION OF RACK 
Required 
Materials: 
 
Type: Manufacturer: Amount: 
Soft Wood Particle Board  (3x) 450x900x20mm 
Soft Wood Pine  (1x) 20x40x900mm 
Rack Plastic coated Metal – 
Kitchen 
 (2x)450x225mm 
Screws 20mm tapered  12 
Hooks Self taper picture hooks   8 
Equipment: 
 
Type/Use Amount: 
Workbench  1 
Saw Electric- 
Circular 
1 
Screwdriver Phillips head 1 
Drill Electric 1 
Clamp Clamp 2 
FOR CUTTING OF PANEL INTO TEST SPECIMENS/CUTTING AND ATTACHING TABS 
Required 
Materials: 
 
Type: Manufacturer: Amount: 
Panel Panel Configuration 1 & 
2 
Allison 2 
Epoxy/Hardener Two Part (50:50) fast 
drying 
______ 100ml 
Paint brush Small paint brush ______ 1 
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Weights  small ______ 10 
Equipment: 
 
Type/Use Amount: 
CEEFC Wet Saw Cutting Panel 1 
Band Saw Cutting tabs 1 
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PRODUCTION WORK INSTRUCTION 
 
UNIVERSITY OF SOUTHERN QUEENSLAND 
FACULTY OF ENGINEERING AND SURVEYING 
 
Manufacturing Process: Fiber Composite Panel 
 Operation 
*Perform step for FBG Panel 
Time Required 
(mins) 
Date 
1 Clean Glass working panel with rag and 
acetone 
10 May, 2009 
2 Wax Glass panel thoroughly using rag 10  
3 Measure and Cut satin sheet to correct 
dimensions 
5  
4 Cut 0-90 and Uniaxial woven cloth from roll 15  
5 Measure and mark 2x0-90, and 2xUniaxial 
to 300x300mm dimensions, to make 4 
layers.  Draw outline of configuration 
(Figures 3.1, 3.2) to determine where to 
embed sensors and cut defects. 
5  
5* Measure and mark 4x0-90 to 300x300mm 
dimensions, to make 4 layers.  Draw outline 
of configuration (Figures 3.3, 3.4) to 
determine where to embed sensors and cut 
defects. 
  
6 Cut 4 defects w15xL25mm dimension in 2nd 
layer (Biaxial), 12-15mm spacing along 
width of layer. 
10  
6* Cut 2 defects w15xL15mm dimensions in 
2nd layer (Biaxial) approx. 5mm apart. Refer 
to   
10  
7 Weigh the 4 layers on scales. 
Perform ratio calculations for epoxy and 
hardener, 100:25 ratio, an amount of 110% 
of mass of 4 layers of 0-90 (refer to 
5  
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attached calculations) 
8 Embed 2 sensors along the length of 2 of 
the 8 drawn specimen outlines (with no 
defects) with care. Create two incisions, 
10mm apart, and thread the sensors 
through so that they are running in axial 
direction and 25mm from each other. 
15  
8* Embed 1 sensor in first layer (Uniaxial) 
directly above 2nd layer defect. Make 
incision 10mm apart so, and thread sensor 
through so that running in axial direction. 
Repeat for 2nd sensor, but embed in 2nd 
layer adjacent to defect. Refer to Drawing 
XX. 
10  
9 Place first layer (Uniaxial) on shelf of 
fabrication rack, align second layer 
perpendicular with first and pierce 
sensor(s) through first layer.  
10  
10 Mix epoxy and hardener using calculated 
amounts. Mix thoroughly 
10  
11 Lay one piece of satin sheet down on glass 
panel. Pour 1/4 of amount of epoxy mix 
onto it and roll using roller 
3  
12 Lay bottom layer (Uniaxial) on top of satin 
layer and pour on ¼ of epoxy mix and roll 
thoroughly ensuring even distribution and 
force applied to layer.  
10  
13 Lay third layer (0-90) on top of bottom 
layer and pour on ¼ of epoxy mix and roll 
thoroughly ensuring even distribution and 
force applied to layer. 
10  
14 Carefully lay second layer of 0-90 
(containing defects and sensors) on top of 
third layer and pour on ¼ of epoxy mix and 
roll thoroughly ensuring even distribution 
and force applied to layer.  
16  
15 Insert 3 layers of 15x25mm baking paper 
cuttings into the each of the 4 defects 
5  
15* Insert 3 layers of 15x15mm baking paper 
cuttings into the each of the 2 defects 
5  
16 Carefully lower top layer down the sensors 
onto second layer. Firming area of top 
layers once down. 
10  
17 Pour remainder of epoxy resin onto top 
layer, thoroughly but carefully rolling until 
even distribution of epoxy is attained.  
10  
18 Continue Rolling until all epoxy is evenly 
distributed and no air bubbles are present 
10  
19 Remove protective tubing of sensors once 
epoxy had become tacky, by tugging at one 
10  
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of the half sections. Apply additional 
rolling/firming to panel to ensure no air 
bubbles exist 
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PRODUCTION WORK INSTRUCTION 
 
UNIVERSITY OF SOUTHERN QUEENSLAND 
FACULTY OF ENGINEERING AND SURVEYING 
 
Manufacturing Process: Dummy Fiber Optic Sensors 
 Operation Time Required 
(mins) 
Date 
Perform before panel fabrication 
1 Measure and cut plastic coating into 
8x0.5m lengths 
5 April, 2009 
2 Measure and cut 2x 1m length of optic 
fiber. Strip silicon fiber optic sensors, using 
sensor strippers. 
3  
3 Thread optic fibers through 2x0.5m lengths 
of plastic coating. Perform same for 
1539nm FBG. 
10  
4 Tape plastic coating together using masking 
tape. 
  
Perform after panel fabrication 
5 Strip yellow plastic coating off 4xsensor 
couplings and trim insulation underneath. 
5  
6 Strip white plastic coating off sensor 
coupling 1cm at a time until 10cm has been 
stripped. Repeat for other 3 couplings. 
10  
7 Cleave ends of sensor couplings with 
sensor cutter 
2  
8 Strip 10cm of coating off optic sensors 5  
9 Cleave ends of optic sensors with sensor 
cutter 
5  
10 Clean stripped end of sensor couplings and 
optic sensors with glass wipe 
1  
11 Turn on splicing machine. Select 
appropriate functions. Insert 1xoptic sensor 
into one half of splicing machine and 
continue. 
1  
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12 Insert sensor coupling into other half of 
splicing machine when prompted and 
continue. 
2  
13 Remove spliced sensor carefully. Repeat 
steps 11 and 12 for remaining optic 
sensors. 
6  
14 Check completed sensors are functional by 
attaching IR laser to coupling and turning 
on. Without directly looking, Check the 
opposite end of optic fiber to see if IR light 
is transmitted. 
If yes, then finish. If not, repeat processes. 
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Manufacturing Process: Fabrication Rack 
 Operation Time Required Date 
1 Measure and Cut 1x 20x450x900mm soft 
wood board in half (down length) using 
circular saw, to get two 450x450mm pieces. 
5 April, 2009 
2 Measure and cut 2x 450mm lengths from 
the 20x40x900mm pine using circular saw 
5  
3 Align both width edges of pine and soft 
wood panel and Drill 3x self tapered screws 
into both. Repeat for other. 
10  
4 Stand both 450x900mm panels upright with 
ends screwed to pine at top. Place and align 
one of the cut 450x450mm panels on top 
and clamp.  
2  
5 Screw 3x self taper screws into each side to 
secure top panel on. 
5  
6 Twist in 8x self taper hooks, 400mm up 
from bottom, 4x each side. 
5  
7 Slide kitchen trays to hang on hooks. 0.5  
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Research Project 
PRODUCTION WORK INSTRUCTION 
UNIVERSITY OF SOUTHERN QUEENSLAND 
FACULTY OF ENGINEERING AND SURVEYING 
Manufacturing Process: Cutting of Panel into test specimens/tabs 
 Operation Time Required-mins Date 
Cutting of specimens and tab materials 
1 Select appropriate specimen cutting board 
for cutting requirement (i.e. 25mm, 15mm) 
and fit above magnetic clamp 
1 August, 2009 
2 Place the Panel onto op cutting board with 
edge parallel to saw blade, and ensuring 
that panel overhangs the cutting board 
2  
3 Clamp the panel beneath steep-clamping 
strip 
3  
4 Adjust the height of the saw blade using 
cross feed handle 2 
2  
5 Turn on the water tap and the saw. Cut off 
overhanging edge to create smooth starting 
edge, do this by rotating left-right handle. 
When finished, turn off water tap and saw 
and return saw to original right-most 
position. 
2  
6 Rotate the dial indicator on the cross feed 
shaft until the zero marks become aligned 
1  
7 Cut first specimens by turning cross feed 
handle specified amount of times (10.95 for 
25mm cut, 6.9 for 15mm cut), turn on saw 
water tap and rotate left right handle. Turn 
off water and saw once completed. 
2  
8 Repeat steps 6 and 7 until the required 
amount of specimens are cut 
Approx. 10+mins  
Cutting specimens and tabs to correct length 
9 Tighten bandsaw blade to tension of 20, 
turn on bandsaw, and turn on extractor 
fan. 
2  
10 Cut specimens to desired length (60mm 
flexure, 250 tensile). Cut tabs to 50mm 
lengths – 4 per specimen 
5-10  
Gluing tabs onto specimens 
11 Mix up 100ml of Epoxy. 50:50 epoxy to 
hardener. Mix thoroughly with stirrer 
5  
12 Brush  small amount of epoxy mixture onto 
tabs and align with specimens. Place 
weights whilst drying and clean spills. 
5  
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Allison_4bi_defect 
Appendix E 
Report Date: 2/09/2009 
Test Date : 2/09/2009 
Method : MMT Tensile Test with return.msm  
 
Specimen Results: 
 
Specime
n # 
Thicknes
s 
mm 
Width 
mm 
Area 
mm^2 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Break 
Load 
N 
Break 
Stress 
MPa 
1 3.050    25.480    78    13707    176.37    13619    175.24    
2 3.000    25.090    75    12131    161.17    12102    160.79    
3 3.220    25.430    82    10699    130.66    10332    126.18    
4 3.070    25.250    78    11607    149.74    11595    149.58    
Mean 3.085 25.312 78 12036 154.49 11912 152.95 
Std Dev 0.095 0.178 3 1261 19.27 1360 20.71 
 
Specime
n # 
Elongatio
n At 
Break 
mm 
Stress At 
Offset 
Yield 
MPa 
Load At 
Offset 
Yield 
N 
    
1 3.506    84.624    6576.433        
2 2.714    74.660    5619.678        
3 2.529    62.562    5122.837        
4 2.798    69.022    5350.444        
Mean 2.887 72.717 5667.348     
Std Dev 0.428 9.351 639.174     
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Appendix F 
Allison_4bi_nodefect 
 
Report Date: 2/09/2009 
Test Date : 2/09/2009 
Method : MMT Tensile Test with return.msm  
 
Specimen Results: 
  
Specimen 
# 
Thickness 
mm 
Width 
mm 
Area 
mm^2 
Peak Load 
N 
Peak Stress 
MPa 
Break Load 
N 
Break 
Stress 
MPa 
1 (sensor) 2.670    25.340    68    16496    243.82    16496    243.82    
2 2.630    25.140    66    17167    259.63    16956    256.46    
3 (sensor) 2.790    25.060    70    13226    189.17    13150    188.07    
4 2.820    25.320    71    10558    147.86    10430    146.08    
Mean 2.728 25.215 69 14362 210.12 14258 208.61 
Std Dev 0.092 0.137 2 3065 51.32 3064 51.19 
 
Specimen 
# 
Elongation 
At Break 
mm 
Stress At 
Offset 
Yield 
MPa 
Load At 
Offset 
Yield 
N 
    
1 4.575    116.175    7860.164        
2 4.553    126.019    8332.164        
3 3.303    87.866    6143.376        
4 2.504    67.280    4803.918        
Mean 3.733 99.335 6784.905     
Std Dev 1.013 26.800 1621.322     
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Appendix G 
 
 
TENSILE TESTING REPORT 
ISO 527-4/2/2: 1997 Plastics – Determination of Tensile Properties 
 
Test Date: Test Method: Operator: 
26/08/2009 STS -  Laminate Tensile Test - Dual Ext  - Normal Tension 
(ISO 527).msm 
Atul Sakhiya 
    
Sample Information:  
 
  
(A) Client Name:  
(B) Mailing Address:  
(C) Mailing Address:  
(D) Mailing Address:  
(E) Attn:  
(F) Phone:  
(G) Fax:  
(H) Client Job ID: 1539 
(I) STS Job Number:  
(J) Specimen Orientation: 0 Degrees 
(K) Sample Description: Laminate Test Panel 
(L) Layup Sequence:  
(M) Principle Dimensions:  
(N) Method of Manufacture:  
(O) Laminate Cure Schedule:  
(P) Test Room Conditions: 21°C, 65% RH 
(Q) Conditioning Temp. & RH: 23°C, 50% RH Constant for 24 Hours 
(R) Clamping Pressure (MPa): 6 
(S) Testing Speed (mm/min): 2.0 
(T) Specimen Prep. Method: Specimens cut by diamond coated cutting wheel, 
edges sanded smooth & defect free. 
  
 
 
  
 
STRUCTURAL TESTING SERVICES 
Centre of Excellence in Engineered Fibre 
Composites 
USQ | West Street | Toowoomba | Qld | 4350 
Reception tel : 07 4631 2548  fax : 07 4631 
2110 
web : www.fcdd.com.au 
Test ID #:        
Report Date: 26/08/2009 
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Test Equipment Details: 
 
Test Machine: MTS 810 Material Test System 
Location: Z104 Test Laboratory, Faculty of Engineering 
and Surveying, USQ 
Accuracy Grading: Grade A 
Machine Calibration Date: 15/02/2007 
Expiration Date: 15/02/2008 
Strain Measurement Device: MTS Extensometer 
Model No. 632.85F-14 
Extensometer Calibration 
Date: 
15/02/2007 
Load Cell Calibration Date: 15/02/2007 
Expiration Date: 15/02/2008 
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Specimen Results: 
Specime
n # 
Thickne
ss1 
mm 
Thickne
ss2 
mm 
Thickne
ss3 
mm 
Width 1 
mm 
Width 2 
mm 
Width 3 
mm 
Avg 
Thick 
mm 
Avg 
Width 
mm 
Area 
mm^2 
1 2.72    2.71    2.77    25.15    25.16    25.18    2.73    25.16    68.78    
2 2.81    2.71    2.63    24.97    24.96    24.95    2.72    24.96    67.81    
3 2.89    2.82    2.71    24.92    24.97    24.96    2.81    24.95    70.03    
Mean 2.81 2.75 2.70 25.01 25.03 25.03 2.75 25.02 68.87 
Std Dev 0.09 0.06 0.07 0.12 0.11 0.13 0.05 0.12 1.11 
Specimen Results: 
Specime
n # 
Peak 
Load 
N 
Peak 
Stress 
MPa 
Modulus  
of 
Elasticity 
MPa 
Poisson's 
Ratio 
mm/mm 
     
1 22627    328.98    16037    0.186         
2 27622    407.36    17545    0.220         
3 16490    235.48    17719    0.221         
Mean 22246 323.94 17101 0.209      
Std Dev 5576 86.05 925 0.020      
 
Specimen Comments:  
Specimen # Failure Status 
1 Acceptable 
2 Acceptable 
3 Acceptable 
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Load vs Extension Plot 
 
 
 
 
 
Checked By:        _____________   
 
Authorised Signature:       Date:        
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Ally-1539_flex                     Appendix H 
   
Report Date: 24/08/2009 
FLEXURE TESTING REPORT 
ISO 178: 1993 Plastics - Determination of Flexural Properties 
Test Date: Test Method: Operator: 
24/08/2009 FOES - Resin Flexure Test (ISO 178).msm Mohan Trada 
   
Sample Information:  
  
(A) Test ID #:  
(B) Project ID#:  
(C) Description:  
(D) Sample ID#:  
(E) Resin Name:  
(F) Curative Name:  
(G) Mix Ratio:  
(H)  Test Speed: 3 
(I) Conditioning:  
  
 
Test Equipment Details: 
Test Machine: MTS 810 Material Test System 
Accuracy Grading: Grade ‘A’ 
Location Z104 Test Laboratory, Faculty of 
Engineering and Surveying, USQ 
Machine Calibration Date: 27/02/2002 
Expiration Date: 27/02/2004 
Strain Measurement Device: Axial Displacement of Crosshead 
Strain Calibration Date: 27/02/2002 
Expiration Date: 27/02/2004 
Load Cell Calibration Date: 27/02/2002 
SPECIMEN RESULTS 
  
Specimen 
# 
Thickness 
1 
mm 
Thickness 
2 
mm 
Thickness 
3 
mm 
Width 1 
mm 
Width 2 
mm 
Width 3 
mm 
Average 
Thickness 
mm 
Average 
Width 
mm 
Flexural 
Modulus 
MPa 
1 2.74    2.73    2.74    15.21    15.23    15.23    2.59    14.94    5517    
2 2.74    2.73    2.74    15.21    15.23    15.23    2.78    15.16    5498    
3 2.74    2.73    2.74    15.21    15.23    15.23    2.99    15.25    3951    
4 2.74    2.73    2.74    15.21    15.23    15.23    2.65    15.27    4931    
5 2.74    2.73    2.74    15.21    15.23    15.23    2.74    15.22    5960    
Mean 2.74 2.73 2.74 15.21 15.23 15.23 2.75 15.17 5172 
Std Dev 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.14 774 
 
Specimen 
# 
Yield - 
Elongation 
mm 
Yield - 
Strain 
% 
Yield - 
Load 
N 
Yield - 
Stress 
MPa 
Peak - 
Elongation 
mm 
Peak - 
Strain 
% 
Peak - 
Load 
N 
Peak - 
Stress  
MPa 
Break - 
Elongation 
mm 
1 7.24    3.13    171    153.63    7.35    3.17    171.2    153.79    7.39    
2 0.00    0.00    7    5.14    6.52    3.03    161.1    123.46    6.79    
3 4.83    2.41    141    92.89    11.40    5.69    207.1    136.46    11.56    
4 0.04    0.02    6    4.78    7.03    3.11    144.0    120.54    7.09    
5 2.40    1.10    87    68.90    7.28    3.32    224.3    177.02    7.34    
Mean 2.90 1.33 82 65.07 7.92 3.66 181.5 142.25 8.03 
Std Dev 3.14 1.41 76 62.97 1.98 1.14 33.2 23.45 1.98 
 
Specimen 
# 
Break - 
Strain 
% 
Break - 
Load 
N 
Break - 
Stress 
MPa 
      
1 3.19    163    146.40          
2 3.15    154    118.31          
3 5.77    200    132.03          
4 3.14    142    118.86          
5 3.35    212    167.48          
Mean 3.72 174 136.62       
Std Dev 1.15 30 20.73       
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Stress vs Strain Plot 
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Appendix I 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%TENSILE LOADING 
%For individual plots 
subplot(2,3,1);plot([A],[B],'b-') 
hold on 
plot([A],[C],'r-') 
hold on     
axis([1538, 1542, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 0KN loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
subplot(2,3,2); plot([A1],[B1],'b- ');  
hold on 
plot([A1],[C1],'r-') 
axis([1538, 1542, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 1KN loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 
subplot(2,3,3);plot([A2],[B2],'g-') 
hold on 
plot([A2],[C2],'m-') 
hold on     
axis([1538, 1542, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 2KN loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
subplot(2,3,4);plot([A3],[B3],'k-') 
hold on 
plot([A3],[C3],'r-') 
hold on     
axis([1538, 1542, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 3KN loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
subplot(2,3,5);plot([A4],[B4],'b-') 
hold on 
plot([A4],[C4],'r-') 
hold on     
axis([1538, 1542, -36, -18])   
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 4KN loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 
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subplot(2,3,6);plot([A5],[B5],'b-') 
hold on 
plot([A5],[C5],'r-') 
hold on     
axis([1538, 1542, -36, -18])   
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 5KN loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%FOR TENSILE LOADING 1-5KN 
%All FBG1 plots on single subplot 
subplot (2,1,1); plot([A],[B],'b-','LineWidth',1.5) 
hold on 
subplot (2,1,1); plot([A1],[B1],'r-','LineWidth',1.5) 
hold on 
subplot (2,1,1); plot([A2],[B2],'g-','LineWidth',1.5) 
hold on 
subplot (2,1,1); plot([A3],[B3],'c-','LineWidth',1.5) 
hold on 
subplot (2,1,1); plot([A4],[B4],'y-','LineWidth',1.5) 
hold on 
subplot (2,1,1); plot([A5],[B5],'m-','LineWidth',1.5) 
hold on 
axis([1538, 1542, -36, -16]) 
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensor1: 0KN - 5KN 
loading'); 
  
%All FBG2 plots on adjacent subplot 
subplot (2,1,2); plot([A],[C],'b-','LineWidth',1.5) 
hold on    
subplot (2,1,2); plot([A1],[C1],'r-','LineWidth',1.5) 
hold on   
subplot (2,1,2); plot([A2],[C2],'g-','LineWidth',1.5) 
hold on   
subplot (2,1,2); plot([A3],[C3],'c-','LineWidth',1.5) 
hold on   
subplot (2,1,2); plot([A4],[C4],'y-','LineWidth',1.5) 
hold on   
subplot (2,1,2); plot([A5],[C5],'m-','LineWidth',1.5) 
hold on   
%plot ([A5], [B5], 'b-') 
%hold on 
%plot ([A5], [C5], 'r-' ) 
axis([1538, 1542, -36, -16])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensor1: 0KN - 5KN 
loading'); 
  
%Find maximum intensity (peak) values for each reflected 
spectrum 
%FBG 1; loading 1-5KN 
b=max(B) 
b1=max(B1) 
b2=max(B2) 
b3=max(B3) 
b4=max(B4) 
b5=max(B5) 
  
% Find maximum intensity (peak) values for each reflected 
spectrum  
% FBG 2; loading 1-5KN 
c=max(C) 
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c1=max(C1) 
c2=max(C2) 
c3=max(C3) 
c4=max(C4) 
c5=max(C5) 
  
%Subplot change in FBG wavelength - determined by movement of 
peak intensity 
% 
subplot (2,1,1);plot([1539.275, 1539.312],[b],'k-
x','LineWidth',2) 
hold on 
subplot (2,1,1);plot([1539.588,1539.6], [b1], 'k-x', 
'LineWidth', 2) 
hold on 
subplot (2,1,1);plot([1539.787,1539.9], [b2], 'k-x', 
'LineWidth', 2) 
hold on 
subplot (2,1,1);plot([1540.175], [b3], 'k-x', 'LineWidth', 2) 
hold on 
subplot (2,1,1);plot([1540.437], [b4], 'k-x', 'LineWidth', 2) 
hold on 
subplot (2,1,1);plot([1540.95],[b5],'k-x','LineWidth',2) 
hold on 
  
subplot(2,1,2);plot([1539.1],[c],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1539.3],[c1],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1539.463],[c2],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1539.525,1539.537],[c3],'k-
x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1539.75,1539.775],[c4],'k-
x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1539.975, 1539.988],[c5],'k-
x','LineWidth',2) 
hold on 
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Appendix J 
%FLEXURAL LOADING 10-50N 
%Individual spectra 
subplot(2,3,1);plot([A],[B],'g-') 
hold on 
plot([A],[C],'m-') 
hold on     
axis([1537, 1544, -36, -18])  
 
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 0N loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
subplot(2,3,2); plot([A1],[B1],'g- ');  
hold on 
plot([A1],[C1],'m-') 
axis([1537, 1544, -36, -18]) 
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 10N loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 
subplot(2,3,3);plot([A2],[B2],'g-') 
hold on 
plot([A2],[C2],'m-') 
hold on     
axis([1537, 1544, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 20N loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
subplot(2,3,4);plot([A3],[B3],'g-') 
hold on 
plot([A3],[C3],'m-') 
hold on     
axis([1537, 1544, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 30N loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
subplot(2,3,5);plot([A4],[B4],'g-') 
hold on 
plot([A4],[C4],'m-') 
hold on     
axis([1537, 1544, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 40N loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 
subplot(2,3,6);plot([A5],[B5],'g-') 
hold on 
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plot([A5],[C5],'m-') 
hold on     
axis([1537, 1544, -36, -18])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensors with 50N loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
%FOR FLEXURAL LOADING 10-50N 
%plotting all sensor 1 data one single subplot 
subplot(2,1,1);plot([A],[B],'b-','LineWidth',1.5) 
hold on 
subplot(2,1,1);plot([A1],[B1],'r-','LineWidth',1.5) 
hold on 
subplot(2,1,1);plot([A2],[B2],'g-','LineWidth',1.5) 
hold on 
subplot(2,1,1);plot([A3],[B3],'c-','LineWidth',1.5) 
hold on 
subplot(2,1,1);plot([A4],[B4],'y-','LineWidth',1.5) 
hold on 
subplot(2,1,1);plot([A5],[B5],'m-','LineWidth',1.5) 
hold on 
axis([1538, 1542, -36, -17])  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensor 1: 0N - 50N flexural 
loading'); 
  
%plotting all sensor 2 data on single subplot adjacent to 
subplot 1 
subplot(2,1,2);plot([A],[C],'b-','LineWidth',1.5) 
hold on   
subplot(2,1,2);plot([A1],[C1],'r-','LineWidth',1.5) 
hold on   
subplot(2,1,2);plot([A2],[C2],'g-','LineWidth',1.5) 
hold on   
subplot(2,1,2);plot([A3],[C3],'c-','LineWidth',1.5) 
hold on   
subplot(2,1,2);plot([A4],[C4],'y-','LineWidth',1.5) 
hold on   
subplot(2,1,2);plot([A5],[C5],'m-','LineWidth',1.5) 
hold on   
%plot ([A5], [B5], 'b-') 
%hold on 
%plot ([A5], [C5], 'r-' ) 
axis([1538, 1542, -36, -17])  
  
ylabel('Output (dB)'); xlabel('Braggwavelength (nm)');  
title('Spectral output for 1539nm sensor 2: 0N - 50N flexural 
loading'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%% 
 
%Find maximum reflected spectra (peak) 
b=max(B) 
b1=max(B1) 
b2=max(B2) 
b3=max(B3) 
b4=max(B4) 
b5=max(B5) 
  
c=max(C) 
c1=max(C1) 
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c2=max(C2) 
c3=max(C3) 
c4=max(C4) 
c5=max(C5) 
  
%subplot change in Bragg wavelength according to peak values 
subplot(2,1,1); plot([1539.275, 1539.312],[b],'k-
x','LineWidth',2) 
hold on 
subplot(2,1,1);plot([1539.375],[b1],'k-x','LineWidth',2) 
hold on 
subplot(2,1,1);plot([1539.537,1539.613,1539.662],[b2],'k-
x','LineWidth',2) 
hold on 
subplot(2,1,1);plot([1539.875],[b3],'k-x','LineWidth',2) 
hold on 
subplot(2,1,1);plot([1540.037],[b4],'k-x','LineWidth',2) 
hold on 
subplot(2,1,1);plot([1540.175,1540.187,1540.225],[b5],'k-
x','LineWidth',2) 
hold on 
  
  
subplot(2,1,2);plot([1539.1],[c],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1538.963],[c1],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1538.95],[c2],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1538.95],[c3],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1538.95],[c4],'k-x','LineWidth',2) 
hold on 
subplot(2,1,2);plot([1538.925],[c5],'k-x','LineWidth',2) 
hold on 
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